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Editorial on the Research Topic 


Contemporary challenges in immunologic testing in clinical and research laboratories


Immunologic testing is an integral part of several areas related to immunology, embracing basic and applied research, clinical laboratory routine, epidemiological survey, blood bank control, and in vitro diagnostic industry (IVD) research, development, and production, just to mention a few. The complex network of the immune system, modeled by myriad soluble and surface molecules and multiple circulating and resident cells, reflects the great variety of “immunologic analytes” to be determined in the various immunologic tests addressing the diverse areas in which immunology plays a relevant role. These encompass a broad spectrum spanning several medical specialties, including allergic and autoimmune diseases, primary and secondary immunodeficiencies, infectious diseases, cancer, vaccination, and epidemiology. Aside from immune-related diseases, immunoassays are also crucial tools in most areas of medicine, from endocrinology to toxicology, as exemplified by immunoassays for the determination of hormones, therapeutic drugs, serum proteins, vitamins, and tumor biomarkers, among others.

Standardization and quality assessment are crucial for any laboratory analysis so that results obtained in different laboratories and different parts of the world share a minimum degree of coherence. Each analyte to be determined has peculiar characteristics that affect the respective laboratory assay and, consequently, affect the way these assays need to be standardized and controlled. The myriad analytes addressed in immunologic testing display multiple peculiarities, rendering standardization and quality assessment in immunology a complex and multifaceted field. Some molecules do not show relevant polymorphism, such as C-reactive protein, soluble IL-2 receptor, and complement factor C1q. In contrast, some other targets of immunology testing represent the most polymorphic elements in biology, such as the major histocompatibility complex genes and ensuing proteins. Cytokines and several complement components are extremely labile, requiring specific pre-analytical handling, whereas immunoglobulins are rather stable at room temperature for several hours. Samples for cryoglobulin determination must be handled at 37°C during the entire pre-analytical stage because these peculiar immunoglobulins may precipitate, becoming trapped in the blot clot, which would yield false negative results. These are just a few examples of the particularities of immunologic analytes that influence the standardization of immunologic assays.

A substantial branch of immunology testing refers to the determination of antibodies specific to a certain target, be it a microorganism, an autoantigen, an allergen, an alloantigen, or a toxin. In fact, these assays are set to determine the humoral immune response to a given antigen and this is not represented by a monoclonal antibody, but rather by a polyclonal collection of antibodies that share that antigen as their target. Considering the polymorphism of the immunoglobulin genes and the random dynamics of the development of the antibody response, it is obvious that each individual forms a distinctive collection of antibodies against each antigen. The mosaic of antibodies in each individual is analogous to a “fingerprint” characterized by different proportions of antibodies with different isotypes, targeted epitopes, avidities, and Fc post-translational modifications (glycosylation, acetylation, etc.), all these being balanced at different serum concentrations. In a sense, the panel of anti-X antibodies in individual A will be necessarily different from the panel of anti-X antibodies in individual B. Under this perspective, it is easy to realize that any given immunoassay to determine anti-X antibodies will perform differently for different individuals, and different immunoassays for anti-X antibodies can yield different results in the same sample. In fact, in contrast to simple analytes (all molecules are the same across individuals) such as glucose and C-reactive protein, antibodies are complex analytes (each individual has its own array of molecules) that represent the functional response of the humoral immune system against a given antigen. This scenario brings a considerable challenge for the IVD industry in developing products that perform appropriately for a relevant part of the population of interest. However, the biggest challenge is the standardization and harmonization of proprietary immunoassays of dozens of IVD industries originated in different parts of the world, calibrated, and validated using samples from patients from diverse ethnic and environmental backgrounds.

In order to handle the challenge of standardization in immunology testing, the International Union of Immunology Societies (IUIS) has established a committee dedicated to Quality Assessment and Standardization (QAS) in Immunology. The QAS Committee operates for over four decades by means of specific subcommittees, namely, the Allergen Standardization Subcommittee (1), the Autoantibodies in Rheumatic and Related Diseases Subcommittee (2), the Complement Subcommittee (3), the Leukocytes Subcommittee (4, 5, www.hcdm.org), and the Big Data in Immunology subcommittee (https://iuis.org/committees/qas/big-data-for-immunology-sub-committee/). Each of these subcommittees coordinates various actions aiming to promote quality assessment and standardization in their respective field. These actions include the preparation and distribution of reference materials (standards), the establishment of guidelines and policies, and educational activities. The Research Topic Contemporary challenges in immunologic testing in clinical and research laboratories is a recent initiative from the QAS Committee and addresses several aspects of interest in the area.

Serological immunoassays for the diagnosis of infectious diseases have been a major priority in research, IVD industry, and clinical laboratories. Although this activity has been flourishing for decades, the recent Severe Acute Respiratory Disease Coronavirus 2 (SARS-CoV-2) pandemic has brought to spotlight the crucial role of serologic immunoassays in the management of infectious diseases. In the early days of the pandemic, robust and reliable serological immunoassays should be promptly developed to characterize the abundance, neutralization efficiency, and duration of antibodies associated with the humoral immune responses to SARS-CoV-2. In addition to the use of these tests for the management of individual patients, the accurate detection, measurement, and characterization of the anti-SARS-CoV-2 humoral response (i.e., temporal dynamics, isotype distribution, neutralization capacity) has been critical for vaccine development, establishment of guidelines for healthcare and at-risk workers, and monitoring reinfections with genetic variants of the virus. All these aspects were brilliantly covered in this Research Topic by Galipeau et al. who also address the benefits and limitations of the currently available commercial and laboratory-based serological assays, in addition to the potential of cross-reactivity and possible immunological back boosting by seasonal coronaviruses.

The urgent need for a low-cost assay to diagnose dengue efficiently is addressed in the manuscript by Lai et al. This is especially relevant since no commercial dengue antigen tests able to differentiate viral serotypes are available. The authors have developed a multiplex lateral flow immunoassay (LFIA) that can identify mono- and co-infection of different serotypes of dengue viruses in mosquitoes. This new assay provides a simple tool for the rapid detection of dengue and is efficient for the differential diagnosis of fever patients in regions where medical resources are limited.

Another area of great contemporary interest is the field of immunobiological drugs embracing monoclonal antibodies and fusion proteins targeting key elements of the immune system with the aim of modulating and controlling inflammatory and autoimmune disorders. Initiating in the mid-1990s, this therapy modality has proven to be able to change the natural history of a host of chronic and disabling diseases such as rheumatoid arthritis, ankylosing spondylitis, Crohn’s disease, neuromyelitis optica, just to cite a few (6). A plethora of monoclonal antibodies and their respective molecular targets is currently part of the routine jargon of physicians and patients and the area is in frank expansion. Lately, several of the original monoclonal antibodies have been licensed to be produced as biosimilar drugs. In parallel, the concept of therapeutic drug monitoring has been established with the aim of achieving the most appropriate drug serum levels and optimizing the therapeutic results. This scenario clearly indicates an urgent need for harmonization and standardization of the original immunobiological drugs and their biosimilar correlates with respect to pharmacokinetics and bioactivity. One key element for standardization in the field is the establishment of International Standards (IS) for each monoclonal antibody. In this Research Topic, Wadhwa et al. originally present the first World Health Organization IS for adalimumab, a leading anti-TNF-α monoclonal antibody. This IS will have great utility in a wide range of applications, including the validation, calibration, and standardization of bioassays for measuring adalimumab and biosimilar effectivity, as well as immunoassays to determine adalimumab/biosimilar serum levels in therapeutic drug monitoring.

The screening for autoantibodies using the indirect immunofluorescence assay on HEp-2 cells (HEp-2 IFA) is widely used in the diagnostic investigation of patients suspected of systemic autoimmune diseases. The immunofluorescence pattern elicited by reactive samples is very useful because it provides indirect information on the probable antigenic targets of the autoantibodies in the sample. This topic has been largely developed by the International Consensus on ANA Patterns (ICAP) initiative (7, 8, www.anapatterns.org). In this Research Topic, Röber et al. present an international multicenter study establishing a novel HEp–2 IFA pattern strongly associated with autoantibodies to SS–A/Ro 60kDa, an autoantibody observed in patients with systemic lupus erythematosus and Sjögren’s syndrome.

Dozens of competent IVD industries offer convenient kits with slides containing fixed HEp–2 cells and all the reagents necessary for the HEp–2 IFA procedure. It has been demonstrated that the HEp–2 IFA pattern produced by a given sample may vary according to the conditions used to cultivate and fix the cells (9). In this Research Topic, Silva et al. provide an extensive analysis of the HEp–2 IFA pattern observed in four high–ranked HEp–2 IFA kits using 900 samples from individuals with an array of clinical conditions. They found that non–reproducibility of the HEp–2 IFA pattern is rather prevalent and occurs more frequently in samples with weaker reactivity (lower titer) as well as in some specific patterns (e.g., nucleolar patterns). In addition, HEp–2 IFA–reactive samples from healthy individuals tended to present non–reproducibility of results among HEp–2 IFA kits more often than samples from patients with systemic autoimmune diseases (Silva et al.). The non–reproducibility phenomenon demonstrated by Silva et al. should have an important impact on the clinical use of the HEp–2 IFA test and, therefore, international initiatives are needed to promote the harmonization of the properties and performance of HEp–2 IFA commercial kits.

Recent developments in modern complement analysis have been addressed by Frazer–Abel et al. Dysregulation and over–activation of the complement system are major causes of a variety of inflammatory and autoimmune diseases ranging from nephropathies, age–related macular degeneration (AMD), and systemic lupus erythematosus (SLE) to graft rejection, sepsis, and multi–organ failure. The clinical relevance of the complement system to immunologic diseases is reflected by the recent development of multiple drugs targeting complement with a broad spectrum of indications. The recognition of the role of complement in diverse diseases and the advent of complement therapeutics has increased the number of laboratories and suppliers entering the field. This has highlighted the need for reliable complement testing. The relatively rapid expansion in complement testing has presented challenges for a previously niche field. This is exemplified by the issue of cross–reactivity of complement–directed antibodies and by the challenges of the poor stability of many of the complement analytes, esp. of complement activation products. The complex nature of complement testing and increasing clinical demand has been met in the last decade by efforts to improve standardization among laboratories. Initiated by the IUIS/ICS (International Complement Society) Committee for the Standardization and Quality Assessment in Complement Measurements, 14 rounds of external quality assessment since 2010 resulted in improvements in the consistency of testing across participating institutions while extending the global reach of the efforts to meanwhile more than 300 laboratories in 30 countries. Worldwide trends of assay availability, usage, and analytical performance are summarized based on the experience from recent years. Progress in complement analysis has been facilitated by the quality assessment and standardization efforts that now allow complement testing to provide a comprehensive insight into deficiencies and the activation state of the system. This in turn enables clinicians to better define disease severity, evolution, and response to therapy.

Dysregulation of the complement system also contributes to the pathogenesis of preeclampsia, which is mainly characterized by gestational hypertension, proteinuria, systemic endothelial cell activation, and inflammatory overreaction. In search for appropriate biomarkers, Liu et al. investigated the levels of adipsin, C3a, C5a, and soluble endoglin (sENG) before delivery to assess their role in preeclampsia. Then, a follow–up analysis was conducted to determine whether complement levels and sENG fluctuate with gestational age and whether plasma adipsin and related important circulating complement molecules can be used as an early–pregnancy predictor and potential diagnostic biomarkers of preeclampsia (Liu et al.). They found that adipsin is likely a novel plasma biomarker to monitor the increased risk of preeclampsia in early pregnancy. Moreover, the increased plasma levels of adipsin, C5a, and sENG before delivery may be associated with preeclampsia.

Recurrent angioedema without urticaria (AE) in its hereditary (HAE) or acquired (AAE) form is commonly misdiagnosed due to restricted access and availability of appropriate laboratory tests. HAE with C1 inhibitor defect (HAE–C 1–INH) is associated with quantitative and/or functional deficiency of this multifunctional regulator. Although this bradykinin–mediated disease results mainly from a disturbance in the kallikrein–kinin system, traditionally complement evaluation has been used for diagnosis. Diagnosis is established by nephelometry, turbidimetry, or radial immunodiffusion for quantitative measurement of C1 inhibitor, and chromogenic assay or ELISA has been used for functional C1–INH analysis. However, as reviewed by Grumach et al. in this Research Topic, a large group of patients present with similar clinical manifestations to HAE but without C1–INH defect and normal C4 (HAE–nlC1–INH). Although a causative mutation cannot be found in a considerable number of patients with HAE–nlC1–INH, new variants in several genes have been associated recently with this form of the disease, such as angiopoietin 1 gene, plasminogen, kininogen, myoferlin, and heparan sulfate 3–O–sulfotransferase 6 genes. These new mutations not only imply novel mechanisms and systems involved in the pathogenesis of HAE but also open the possibility for new biomarkers and treatment targets.

The interesting paper by Kužílková et al. deals with the problem of a lack of reproducible identification of leukocyte subsets. The authors describe the development of a flow cytometric procedure for quantitative expression profiling of surface antigens on blood leukocyte subsets, which is standardized across multiple research laboratories. This workflow, bioinformatics pipeline, and optimized flow panels enable the mapping of the expression patterns of Human Leukocyte Differentiation Antigen (HLDA)–approved mAb clones to cluster of differentiation (CD) markers, benchmarking new antibody clones to established CD markers, and defining new CDs in future HLDA workshops.

The Opinion article by Di Rosa et al. discussed advances in the field of T cell proliferation analysis. It challenges the well–established idea that Ki–67 per se is an ideal marker of T cell proliferation. They propose the use of a new Ki–67/DNA dual staining, or TDS assay, which represents a more reliable approach by which human peripheral blood can be used to reflect the dynamics of human lymphocytes, rather than providing mere steady–state phenotypic snapshots.

The broad range of immunologic tests performed in clinical and research laboratories is in frank expansion and affects most areas of medicine. Quality assessment and standardization in immunology testing is a fundamental aspect that meets several challenges elicited by the peculiar characteristics of several of the immunologic analytes to be determined. International organizations dedicated to promoting standardization and quality assessment in different areas of immunology testing contribute substantially to the progress in the area. The IVD industry provides a variety of commercial kits, contributing to the widespread availability of immunology testing in clinical and research laboratories in most parts of the world. However, the plethora of commercial kits available adds an exceptional challenge to the standardization of the tests. Although these commercial products are licensed by official regulatory agencies, there is no formal collaboration between these official agencies and the international quality assessment and standardization initiatives formed by specialists in each area. A tripartite collaboration involving the IVD industry, international specialists, and official regulatory agencies has the genuine potential to improve significantly the standardization and harmonization of immunology testing worldwide.
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In December 2019, the novel betacoronavirus Severe Acute Respiratory Disease Coronavirus 2 (SARS-CoV-2) was first detected in Wuhan, China. SARS-CoV-2 has since become a pandemic virus resulting in hundreds of thousands of deaths and deep socioeconomic implications worldwide. In recent months, efforts have been directed towards detecting, tracking, and better understanding human humoral responses to SARS-CoV-2 infection. It has become critical to develop robust and reliable serological assays to characterize the abundance, neutralization efficiency, and duration of antibodies in virus-exposed individuals. Here we review the latest knowledge on humoral immune responses to SARS-CoV-2 infection, along with the benefits and limitations of currently available commercial and laboratory-based serological assays. We also highlight important serological considerations, such as antibody expression levels, stability and neutralization dynamics, as well as cross-reactivity and possible immunological back-boosting by seasonal coronaviruses. The ability to accurately detect, measure and characterize the various antibodies specific to SARS-CoV-2 is necessary for vaccine development, manage risk and exposure for healthcare and at-risk workers, and for monitoring reinfections with genetic variants and new strains of the virus. Having a thorough understanding of the benefits and cautions of standardized serological testing at a community level remains critically important in the design and implementation of future vaccination campaigns, epidemiological models of immunity, and public health measures that rely heavily on up-to-date knowledge of transmission dynamics.
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Introduction

In late 2019, a novel betacoronavirus with sustained human-to-human transmission emerged from China’s Hubei Province (1, 2). This new coronavirus was identified as Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) and is currently responsible for the worldwide Coronavirus Disease 2019 (COVID-19) pandemic (3, 4). Currently, a large proportion of the global population remains in various forms of temporary confinement to limit the spread of this virus, leading to significant disruptions in international travel and local socioeconomic activities. Thus, there is a pressing need to better understand the nature and duration of immunity against SARS-CoV-2 infection since nearly all epidemiological models, future vaccination campaigns, and public health measures assume that SARS-CoV-2 convalescence imparts some degree of immunity (5–7). Based on previous serological studies of SARS-CoV (the agent responsible for the 2003 epidemic) and of the Middle East Respiratory Syndrome coronavirus (MERS), neutralizing antibodies are relatively short lived, detectable for approximately three years following infection (8–11). However, the duration of immunity to these specific CoVs is not known. But according to reinfections frequencies by seasonal coronaviruses (sCoVs), this immunity may only last a year (12). Given the global spread and prevalence of SARS-CoV-2, this lethal virus is expected to become endemic (13).

As the pandemic continues its course and convalescent individuals recover, there is an increasing demand to develop validated serological assays that assess the antibody-mediated immunity conferred by a SARS-CoV-2 infection. The utility of serological assays in COVID-19 is manifold. From an epidemiological perspective, a validated serological assay could be used to identify the proportion of individuals exposed to the virus in various populations, such that the evolving disease incidence can be closely monitored. Measuring population seroprevalence can also be used to evaluate the prevalence of asymptomatic transmission and risk factors for acquiring the disease, which remain key research priorities. Furthermore, reliable serological assays are required to determine whether antibody titers, and more importantly neutralizing antibody titers, correlate with sterilizing immunity to SARS-CoV-2. These immunological features could prove to be robust predictors of the efficacy of future vaccines candidates. At the patient level, serological testing can be used as an adjunct to the current PCR-based assays to improve diagnostic sensitivity. Lastly, serological testing will have profound clinical and epidemiological implications by determining the duration and magnitude of immunity conferred by SARS-CoV-2 infection, characterizing the risk of reinfection, and predicting whether a given vaccine will require further boosters (14, 15). Ultimately, accurate serological data will be crucial for understanding the epidemiological and clinical characteristics of COVID-19 that must be established to inform effective and ethical response strategies to the COVID-19 pandemic, especially as policymakers discuss future approaches to resume economic activities and re-open borders.

Serological tests commonly use blood, serum, plasma, or saliva to detect multiple isotypes of circulating antibodies generated by B lymphocytes. Various private, academic, and public health labs are currently developing platforms for SARS-CoV-2 serological testing, utilizing technologies such as classical immunoassays (mostly Enzyme-Linked Immunosorbent Assays; ELISA), chemiluminescent immunoassays (CLIA), flow cytometry-based methods, and various other approaches, all with varying degrees of automation ranging from manual to high-throughput systems (16–20). Furthermore, point-of-care (POC) lateral flow immunochromatographic assays (LFAs) are becoming increasingly popular for their ease of use and rapid detection capabilities (21, 22). Although all serological testing methods share a common function in detecting antibodies against SARS-CoV-2, major differences exist among tests depending on the viral antigens being targeted, the subclass of antibody being detected, and the overall accuracy and reliability.

The urgency to produce serological assays has led to a recent surge in protocols, testing devices, and literature, each with varying degrees of quality and reliability. Here we review current advances in knowledge regarding the antibody response towards SARS-CoV-2 infection. We then look at current commercial and laboratory-based serological assays for SARS-CoV-2 and discuss their strengths and limitations as they relate to cross-reactivity, sensitivity, and specificity. Lastly, we investigate which epidemiological characteristics of COVID-19 may be gleaned from existing serological data, and how these can be applied to public health policy domains such as vaccination, herd immunity modeling, and other public health interventions.



Down to the Basics: Antibody Classes and Class Switching

Multiple classes of antibodies (i.e., IgM, IgA, IgG, and IgE) are involved in antibody-mediated immune responses to viral infections (Figure 1). These classes are characterized by their intrinsic biophysical properties, functions, tissue distributions, and half-lives. Together with IgD, IgM immunoglobulins are normally the first to be expressed during naïve B cell development, comprising the majority of antibodies produced between B cell activation and class switching. IgM represents approximately 10% of all antibodies in the serum (24, 25). IgM antibodies demonstrate a relatively low affinity compared to IgG due to limited affinity maturation through somatic mutations. However, IgM antibodies demonstrate high avidity for the target antigen because they form pentamers that utilize multimeric interactions with the target antigen to facilitate neutralization (25). IgM antibodies are found mostly in circulation where they can facilitate antigen opsonization (26). Recent studies have also revealed diverse roles for secretory IgM in the mucosa of the gastrointestinal and respiratory tracts (27). Human IgA immunoglobulins, which can be further subdivided into the IgA1 and IgA2 subclasses (28), generally exceed levels of IgM in serum and are significantly more present in mucosal surfaces and secretions (i.e., saliva, breast milk, etc.) where they are central to mucosal immunity. IgA immunoglobulins form dimers upon secretion, which contributes to their increased avidity. Although IgA antibodies do not fix complement effectively like IgM, IgA antibodies secreted by plasma cells into the respiratory tract play a key role in mucosal immunity via pathogen neutralization, a process that facilitates aggregation and prevents the initial infection of host cells, thereby conferring sterilizing immunity to a pathogen (29, 30).




Figure 1 | Overview of antibody isotype characteristics and an approximate timeline from SARS-CoV-2 infection to possible immunity. Each antibody isotype is represented with their typical form and associated heavy chain. A brief description of their main function as well as a representation of upregulated and downregulated cytokine necessary for each class switching is also included. The approximate timeline of appearance and subsequent decrease of each isotype in relation to the viral RNA is shown. The curves and values are based on recent serological studies discussed in this review. Since limited literature is available on the implication of IgE in the pathogenesis and antibody mediated immunity to SARS-CoV-2, as such the representation of the IgE timeline is purely hypothetical. Figures were generated using (23).



IgG antibodies start appearing later in the immune response because they undergo affinity maturation through somatic mutations, resulting in high affinity for the target antigen and a heightened capacity to neutralize pathogens (31). In addition to their role in neutralizing antigen, IgG antibodies also have other critically important roles, most notably Fc-mediated effector functions such as cell activations and antibody-dependent cellular cytotoxicity (ADCC) (32–34). IgG immunoglobulins are monomeric and represent about 75% of all antibodies in serum. They are associated with lasting immunity given their long half-life in blood and association with differentiated memory B cells (25). IgG can also bind C1q, activating the classical complement pathway of the innate immune system (35).

IgG antibodies can be subdivided into multiple subtypes (i.e., IgG1, IgG2, IgG3, and IgG4), each with slightly different roles in humoral immunity (32). For example, IgG1, IgG3, and occasionally IgG4 (upon repeated exposure) are secreted in response to protein antigens, while IgG2 almost solely responds to polysaccharide antigens (32). Given that different pathogens elicit different ratios of IgG subtypes, these can be used as characteristic profiles for monitoring the efficacy of vaccine designs with regards to correlates of protection (36, 37). Finally, IgE antibodies predominately mediate allergic reactions and immune responses against parasitic infections and comprise less than 0.01% of all total antibodies. IgE antibodies are monomeric and demonstrate a strong affinity for FcϵRI receptors expressed on numerous innate immune cells (e.g., mast cells, basophils, eosinophils), allowing for the generation of a generalized inflammatory response through innate immune system activation (38).

Current published data support that SARS-CoV-2 induces a classic viral response pattern, where IgM is the first isotype to appear, followed closely by IgA which peaks at 2-3 weeks post-symptom onset (PSO) before declining, and finally with IgG antibodies that remain detectable for several months PSO (39, 40). However, some studies have also reported the detection of virus-specific IgA responses preceding that of IgM, although the implications of this new pattern are not entirely understood (39, 41). Of particular interest, detectable levels of neutralizing antibodies against SARS-CoV-2 have been shown to start declining within three months of infection, especially among mild and asymptomatic cases (42–45). This, however, is not uncommon and resembles findings from patients infected with sCoVs (12, 46). Given the frequency of reinfections with sCoVs, this observation is likely a predictor of impermanent immunity and of heightened risk of reinfection in the short term.



SARS-CoV-2 Viral Antigens

The effectiveness of an antibody response is largely dependent on the capacity of antibodies raised against native viral antigens during a natural infection, or against antigens in a vaccine, to act when exposed to the virus. These antibodies can either be present in blood, or produced de novo by memory B cells and plasma cells upon re-exposure to the viral antigens (47). Antibodies play a direct role in neutralizing incoming virus to prevent reinfections (i.e., sterilizing immunity), or by tagging viral antigens expressed on the surface of infected cells thereby triggering downstream Fc effector functions. In the case of CoVs, the viral antigens to which most antibodies are directed against are the viral spike (S) and nucleocapsid (N) proteins (48, 49).

The SARS-CoV-2 S protein is a trimeric transmembrane glycoprotein that is exposed on the surface of virions and mediates viral entry into host cells (Figure 2A) (50). This S protein constitutes the primary target of all current leading vaccine candidates (51). This large, exposed protein is readily targeted by neutralizing antibodies, which indirectly creates selective pressure for the emergence of evasion mutations. The propensity for S to mutate may limit its future use in serological assays and vaccines, as antibodies directed against the current variant may not bind emerging mutated epitopes, resulting in reduced vaccine efficacy while producing more false negatives in serological assays.




Figure 2 | Structure and organization of the spike glycoprotein and phylogenetic tree of all seven human CoVs. (A) A cartoon structure of the Spike protein and its receptor (i.e., ACE2) is shown in relation to its localization on the virion surface. The S1 domain interacts directly with the receptor through its RBD via it’s C-terminal domain (CTD). (B) Graphical representation of the various spike human CoV proteins. The RBD, S1 (blue), and S2 (gray) domain locations and all other relevant sites (cleavage sites), and other topological features are shown with their respective amino acid sequence number. The information for each spike was obtained using Uniprot with the following accession numbers: 229E P15423, NL63 Q6Q1S2, HKU1 Q0ZME7, OC43 P36334, MERS K9N5Q8, SARS-CoV P59594, SARS-CoV-2 P0DTC2. (C) A phylogenetic tree based on the complete genome of all seven human CoVs was made using Clustal Omega multiple alignment tool using the reference genome sequenced from NCBI with the following accession numbers: 229E NC002645.1, NL63 NC005831.2, HKU1 NC006577.2, OC43 NC006213.1, MERS NC019843.3, SARS-CoV NC_004718.3, SARS-CoV-2 NC_045512.2. Figures were generated using (23).



The S protein is further divided into two functional subunits, S1 and S2. S1 is responsible for binding to the host cell surface receptor ACE2 through its receptor-binding domain (RBD) found within subunit S1-, while S2 is involved in the fusion between the viral envelope and cellular membranes upon attachment (52) (Figure 2B). Along with orchestrating viral entry into host cells, the RBD region of S1 is of specific importance as many antibodies raised against RBD have neutralizing potential. Indeed, numerous viral epitopes that that are targeted by neutralizing antibodies are located within this region (53–57).

The viral N protein is an abundant nucleoprotein that binds the viral RNA genome and is contained within the virion. Each N protein contains three highly conserved and distinct regions: an N-terminal RNA-binding domain, a central Serine/Arginine-rich linker, and a C-terminal dimerization domain (58). The N protein has many functions associated with viral RNA packaging, RNA transcription, and viral replication. Since the N protein is abundantly expressed during infection, it is capable of inducing high levels of antibody production, making it a suitable target for serological assays (59–62). However, given that the N protein is not involved in viral entry and is shielded from antibodies by the viral envelope, most N protein antibodies are not likely to be neutralizing (63, 64). This was demonstrated by one study which showed that immunization with the SARS-CoV N protein induced antibodies with undetectable neutralizing activity (65).



Testing for SARS-CoV-2 Antibodies

Serological tests are designed to detect the presence of antibodies against a given pathogen, in this case, SARS-CoV-2. A positive serological test result is indicative of a past exposure to one or several of the pathogen’s antigenic epitopes and therefore is not an indicator of an active infection. Furthermore, if the pathogen of interest shares antigenic epitope sequences with the proteins of other microbes or even that of vaccine antigens, a test can be reported as falsely positive. During a natural infection by SARS-CoV-2, the levels of viral RNA rapidly decrease during the second week and may become undetectable (66–68). Antibodies therefore become the primary and most accurate modality to detect a recently resolved or past infection (Figure 1). Serological tests are also critical for the detection of asymptomatic and previously undiagnosed infections in the population. This information is essential to guide public health interventions during an epidemic to mitigate the spread of a pathogen to the most vulnerable members of the population.

Serological tests can be broadly divided into two categories: Rapid Diagnostic Tests (RDTs) and non-rapid tests (Figure 3) (49). A list of clinical serological tests currently approved are presented in Table S1. RDTs are most commonly LFAs which detect the presence of antibodies against multiple SARS-CoV-2 antigens within a 30-min time window. LFAs for SARS-CoV-2 detection work through the addition of a liquid sample (e.g., blood or saliva) – potentially containing the target antibodies – to one side of the testing device. The sample then diffuses by capillary action to a conjugation pad, where viral antigens conjugated to a colorimetric detection molecule (e.g., colloidal gold) are deposited. If SARS-CoV-2 antibodies are present, they will capture and dislodge these antigens and then migrate by continued capillary flow to a nitrocellulose membrane where anti-human capture antibodies are immobilized, usually anti-IgG and anti-IgM. If anti-SARS-CoV-2 antibodies are present, the colloidal gold (or another detection agent) will accumulate on a thin strip of anti-IgG and anti-IgM to create a colored line (Figure 3) (69). LFAs do not require multiple steps, nor the addition of any solution other than the patient sample. LFAs provide fast, qualitative, and easy-to-understand readouts that are designed for usage at home or in a POC setting without the need for equipment (70). Drawbacks of LFAs include their higher cost-per-test rate, their inability to analyze multiple samples simultaneously, their general lack of quantitative data, and importantly, a several-fold reduced sensitivity when compared to non-rapid testing methods (71, 72). Although RDTs are theoretically ideal for POC usage, recent studies have demonstrated that many newly developed RDTs for SARS-CoV-2 have failed to meet the necessary standards for sensitivity and specificity when compared to non-rapid testing (71–76). Therefore, for research purposes, LFAs are not the ideal choice.




Figure 3 | Comparison of various serological assays. (A) The sampling method and subsequent treatment of the blood before performing the serological assay is shown. Either a tube of blood is collected to isolate serum/plasma, or blood from a finger prick is used to fill a dried blood spot card or used directly in a LFA. Here we show the 2 main types of serological assays: on the left, a quantitative ELISA, or on the right, a binary result LFA. (B) The experimental procedure of each test is shown in their most simple form. Many variations are now available and are being used (see Table S1). (C) Comparison of the strengths and weaknesses of each method. POC, point of care; LFA, lateral flow assay. Figures were generated using (23).



Non-rapid serological testing methods include solid-phase immunoassays, microarrays, viral neutralizing tests, bead-based flow cytometry-based methods, and immunofluorescent microscopy, among others. These are all primarily laboratory tests that are carried out by trained personnel. Solid-phase immunoassays including ELISA, CLIA, Electrochemiluminescence Immunoassay (ECLIA), Enzyme-linked Fluorescent Assay (ELFA), and Dried Blood Spot ELISA (DBS-ELISA) are currently the most commonly used non-rapid, high-throughput methods for the detection of SARS-CoV-2 antibodies within a population (49).

Non-rapid tests generally involve the capture of primary SARS-CoV-2 antibodies within a saliva or blood sample to a solid support, like a dish or plate, coated with a SARS-CoV-2 antigen. This is followed by an initial wash step and the addition of a detection antibody, which is usually conjugated to a fluorophore or an enzyme like the horse radish peroxidase (HRP). Excess antibody is washed off and detection is performed. Colorimetric, fluorescent, and/or luminescent methods can be used as the final detection method depending on the detection antibody conjugate. Throughput can be easily scaled up using robotic liquid handlers.

Unlike LFAs, non-rapid tests can also provide valuable information on the quantity of each antibody within the samples (77). Non-rapid methods are generally much more sensitive than RDTs. Low-level antibody detection is especially important in the first 7 to 21 days of SARS-CoV-2 infection, when IgG levels are still rising, as well as >2 weeks post-infection when IgM antibodies begin to diminish (Figure 1) (67). Although most non-rapid tests currently use venous serum or plasma, or saliva samples in a liquid phase, DBS-ELISAs provide a practical alternative to venous samples by using only a few microliters of blood taken by pinprick and deposited onto an absorbent paper (Figure 3). Antibodies can then be eluted from a circular punch taken from the paper using a small amount of buffer. The ELISA is then performed in a standard fashion. This simple and convenient approach to collecting blood eliminates the need for a healthcare provider to perform venipuncture and provides an opportunity to conduct large-scale population-level seroprevalence studies using high throughput liquid handlers to perform DBS-ELISAs (78).



Neutralization Assays and Their Importance

Although serological tests can determine prior immune exposure to SARS-CoV-2, neutralization assays provide critical knowledge on whether the detected antibodies are capable of neutralizing the virus and providing likely protection upon subsequent exposure. Currently, the most reliable neutralization assays involve live authentic SARS-CoV-2 viruses produced in cell culture and therefore require all procedures to be carried out in a Biosafety Level 3 (BSL3) facility (79). A current challenge is to develop a reliable neutralization assay that can be carried out in a standard BSL2 laboratory, at home, or in the clinic. To circumvent biosafety containment requirements, researchers are currently developing lab-based assays using viruses that consist of a less-harmful or non-infectious virus, such as murine leukemia virus (MLV) or vesicular stomatitis virus (VSV), pseudotyped with the SARS-CoV-2 S glycoprotein (80, 81). Other options include assays that utilize purified ACE2 to determine the effect of neutralizing antibodies on the ACE2-Spike interaction without the requirement of live cells or viruses. One example of a neutralization assay is the cPass SARS-CoV-2 Neutralization Antibody Detection Kit from GenScript Biotech. This test kit is advertised to test for pan-Ig neutralizing antibodies using the SARS-CoV-2 RBD as the viral antigen for antibody capture (82). Other promising surrogate neutralization assays have been proposed which utilize an ELISA-based competition binding assay against ACE2 (83, 84). Antibodies against RBD have been shown to be the primary source of neutralizing antibodies against the virus (53, 85–88). However, it should be noted that not all antibodies that bind RBD demonstrate neutralization potential, and that anti-RBD antibodies capable of neutralization may only be present at very low concentrations in some individuals post-infection (89, 90). Furthermore, RBD is not the only viral antigen that is a target for antibody-mediated neutralization; additional non-RBD epitopes elsewhere on the S protein have also been shown to neutralize the virus when targeted by antibodies (57, 91, 92). One caveat of the aforementioned neutralization assays is that they provide limited information on possible Fc-dependent effector functions, which likely also play an important role in protecting against SARS-CoV-2 (93). Therefore, current single-antigen neutralization assays only detect a subset of the total pool of neutralizing antibodies.

Of note, several commercial serology tests use the N antigen for antibody capture (Table S1). Given the high abundance of anti-N antibodies, targeting this viral antigen has the potential to increase test sensitivity (94). However, N proteins are located on the interior surface of intact viruses, and thus remain inaccessible to circulating antibodies. Therefore, tests that use N are unlikely to identify neutralizing antibodies that provide sterilizing immunity upon infection. Nevertheless, effector functions of anti-N antibodies could still provide protection (64). Currently, the RBD and S proteins are the most reliable antigens for measuring the abundance of neutralizing antibodies.



Sensitivity and Specificity of Serological Assays for SARS-CoV-2

The quality and usefulness of a serological test is primarily evaluated by its degree of sensitivity and specificity (95). Sensitivity describes the ability of a serological test to provide a positive result from samples that contain antibodies against SARS-CoV-2 (“true positives”). Thus, a highly sensitive test would have a very low frequency of false negatives. Meanwhile, specificity describes the ability of a test to provide a negative result when a sample does not contain SARS-CoV-2 antibodies. Thus, a high specificity SARS-CoV-2 serological assay would have no or few false positives, including those resulting from cross-reactivity to any of the other six human CoVs (96, 97). The sensitivity and specificity of an assay are influenced by the cut-off point at which a test result is deemed positive. A receiver operating characteristic (ROC) curve is a useful graphical tool to visualize the relationship and trade-off between the sensitivity and specificity of an assay (98), but its details are beyond the scope of this review.

Serological tests that target IgM, which naturally has a lower affinity for the viral antigen than IgG, will be at a higher risk of producing false positives, and therefore should require a higher specificity threshold. Testing thresholds for specificity and sensitivity are arbitrary values established experimentally and differ between serological tests and methods. SARS-CoV-2 thresholds are primarily determined based on test results of negative control samples collected prior to the pandemic, as well as on positive control samples that have been confirmed by a certified clinical RT-PCR diagnostic test (99). Currently, there are no international reference standards for reporting test sensitivity and specificity, making it very challenging to compare the different serological tests and assays without carrying out a direct experimental comparison. Recent studies have sought to compare multiple testing kits with a small group of common samples (100–102). While this represents progress, what is ultimately required is a well-characterized set of standard sera that could be tested against any approved serology testing kit, allowing for the sensitivity and specificity of these kits to be compared (103). Other variables that require standardization for serological testing and kit comparisons include the length of time PSO for samples to be collected from patients, since the sensitivity and specificity of commercial tests can differ depending on the time at which the sample is collected (104), as well as the method by which samples are sometimes inactivated for lab safety (97, 105).

Sensitivity and specificity thresholds are also important for epidemiological considerations unique to certain situations and environments. These thresholds can be altered to allow for greater sensitivity of testing at the expense of specificity, or the opposite, whereby specificity is favored at the expense of sensitivity. For example, in a region with high SARS-CoV-2 seroprevalence, sensitivity may be prioritized over specificity to ensure the majority of positive cases are identified. The opposite is also true in low-prevalence regions (16). If the prevalence in a given region is very rare, then higher specificity and relatively lower sensitivity would be favored so that fewer patients would have false-positive results while still detecting the majority of true positives. It is essential to have the correct balance between sensitivity and specificity, as the epidemiological implications of disproportionate false negatives or false positives can be profound. A test with too many false positives will keep people isolated for longer than necessary, creating otherwise avoidable social and economic strains. A test with too many false negatives will result in the underestimation of disease prevalence, which may lead to a premature easing of disease containment policies and resurgent waves of infection as misidentified patients unknowingly continue to transmit the disease (16).



Dynamics of the Antibody-Mediated Immune Response to SARS-CoV-2

Understanding the temporal profile by which circulating antibody classes are produced following SARS-CoV-2 infection is essential for the interpretation and clinical application of serological test results. During a viral infection, plasma B lymphocytes of the adaptive immune system produce different classes of antibodies in response to temporally regulated cytokine expression in a process called class switching or class switch recombination (CSR) (106). A given infecting pathogen type normally induces a characteristic cytokine profile that is responsible for triggering CSR for the production of the various isotypes and subtypes that are optimally suited to neutralize that type of microbe. Individuals suffering from severe COVID-19 are known to exhibit a dysregulation of pro-inflammatory cytokine release, also known as a cytokine storm (107–110). How this large release in cytokines alters the humoral response compared to asymptomatic, mild or moderate COVID-19 cases that do not exhibit this same cytokine storm is not yet clear.

While it is expected that IgM immunoglobulins are the first class detected following infection by SARS-CoV-2, as supported by a number of studies (37, 39, 40, 111), others have paradoxically demonstrated IgG responses that precede the IgM response (38, 112–115). This surprising discrepancy is likely related to cross-reactivity with pre-existing immunity to sCoVs (40, 111, 116–118). Nevertheless, the largest body of evidence suggests that nearly all SARS-CoV-2 infected individuals begin to produce IgM, IgA, and then IgG by 1 to 2 weeks PSO (Figure 1) (39, 90, 114, 119, 120). In fact, IgM antibodies against the viral N protein have been detected as early as 1 to 7 days PSO in 85% of individuals (39). However, these figures vary considerably depending on the type of serological assay and target antigen used. For example, Long et al. detected IgM antibodies against N protein in only 12% to 40% of cases during this same time period (i.e., 1–7 days) (121). The majority of patients appeared to have seroconverted by day 14 PSO, with approximately 94% of infected individuals having detectable levels of IgM against the RBD of the SARS-CoV-2 S protein, and 88% against the N protein (114, 122). IgM antibodies decline rapidly at approximately 20 days PSO, becoming undetectable at 60 days PSO on average (Figure 1) (123, 124). The impermanence of the IgM response suggests that the diagnostic role for IgM serology is most relevant in the detection of current and recent infections, within the first 1 to 2 weeks PSO, at which point its sensitivity for the diagnostic of an active infection may actually exceed that of PCR (39, 125, 126).

IgG immunoglobulins broadly have the most significant implications with respect to serological testing and antibody responses, given its high affinity for the antigen, capacity for viral neutralization, ability to activate complement, and predominant role in long-term immunity following infection or vaccination. Indeed, serological studies on other human CoVs including SARS-CoV and MERS have found the IgG antibody class to yield assays with greater specificity compared to IgM, to be significantly longer-lasting in comparison to IgM and IgA (127, 128), and to have strong links to neutralization and patient outcomes (114, 122). During acute SARS-CoV-2 infection, class switching from IgM to IgG occurs relatively quickly, with a median time to IgG detection ranging from as early as 7 days (120, 121) to approximately 14 days (39, 125, 129). IgG production also peaks later and is much slower to decrease than IgM (124, 130). The duration and intensity of the reported IgG antibody response for SARS-CoV-2 varies according to several study parameters that include disease severity and outcome, and antigens used in the serology assays. One study demonstrated an important reduction in IgG over 8 weeks in both symptomatic and asymptomatic cases, with many patients becoming seronegative during the study period (40% asymptomatic, 12.9% symptomatic) (121). Such observations are also supported by a number of additional studies that also measured a decline of IgG antibodies after several weeks PSO (44, 131). However, most groups have demonstrated that IgG levels against SARS-CoV-2 remained relatively stable within a 3 to 5 month observation period PSO (43, 124, 130–135).

Interestingly, among individuals infected by SARS-CoV-2, detectable antibody subtypes included RBD-specific IgG1 & IgG3, but rarely IgG2 or IgG4 (136). If a consistent subtype ratio is reliably established, this could help in identifying true seropositive individuals (convalescent from SARS-CoV-2) as opposed to false-positives with cross-reactive antibodies (convalescent from other sCoVs). Similar to IgM, IgA antibodies are produced shortly after PSO, with a median time to detection of 1 to 2 weeks PSO (39, 40, 67, 128). However, while IgM peaks at approximately 10 to 12 days, IgA levels appear to be relatively more persistent, peaking at approximately 20 to 30 days PSO (39, 123, 124, 133). To date, there is no serological evidence for the induction of IgE production in patients with COVID-19.



Duration of SARS-CoV-2 Neutralizing Antibodies

Nearly all individuals who become infected with SARS-CoV-2 develop antibodies and neutralizing antibodies following infection, demonstrating a successful adaptive antibody-mediated immune response (43, 45, 87, 88, 110, 121, 123, 124, 130, 134, 137). This is consistent with non-human primate (NHP) studies where exposure to the live virus provided protection against reinfection without clinical illness, with corresponding neutralizing antibody responses (138, 139). Therefore, regardless of the discrepancies between studies regarding persistence or decline of total antibodies, it is imperative to note that persistence of IgG antibodies does not necessarily imply persistence of neutralizing antibodies during this same period. In fact, most studies report various intensities of decline in neutralizing antibodies after three months PSO, with disease severity being a factor strongly correlating with the decay rate of neutralization (42–44, 90, 121, 124, 140).

In contrast, data from some studies have indicated that neutralizing antibody titers remain stable ranging from 75 days to 6 months PSO in COVID-19 convalescent individuals with a broad spectrum of disease severity (130, 134, 141, 142). In particular, a large cohort study by Wajnberg et al. analyzed humoral responses in 30,032 antibody-positive individuals in New York City, and demonstrated relatively stable anti-S IgG antibody titers over five months, with these titers correlating with virus neutralization (130). Similar findings were demonstrated in a convalescent cohort study in China over a six month follow-up period with anti-S and anti-N IgG antibodies detectable in 70% of patients, with associated stability in neutralization titers, although these results are yet to be peer-reviewed (141).

One factor that could influence the persistence of neutralizing antibodies within specific cohorts is a high prevalence of the virus in a defined geographical region or in a specific subpopulation of individuals such as frontline healthcare workers. Regular re-exposure to the virus may help sustain higher antibody and neutralizing antibody levels. A second factor may be the persistence of antigens in tissues or as immune complexes on follicular dendritic cells. In fact, new evidence suggests that memory B cell responses continue to evolve in recovered individuals for at least six months after infection (143). During this time, somatic mutations accumulate to produce neutralizing antibodies with increased potency. This suggests that regardless of whether neutralizing antibodies wane over time, re-exposure to the virus is likely to stimulate memory B cells to mount a rapid and effective humoral response.

Taken together, while the specific conditions that influence the total duration of SARS-CoV-2 humoral immunity remain to be more precisely defined, decreasing antibody titers do not necessarily imply waning or defective immunity. In fact, antibody titers are expected to decrease following the resolution of an acute infection as a natural consequence of the depletion of short-lived plasma cells when immediate and sustained immune responses are no longer necessary (144, 145). Furthermore, the half-life of IgG in serum is about 26 days (146). Without continuous antibody output from plasma cells, antigen-specific antibodies will naturally decline. As such, while more severe COVID-19 symptoms may elicit longer protection for convalescent individuals, it is plausible that milder symptoms may provide much shorter windows of sterilizing immunity. However, it is established knowledge that adaptive immune responses rely on immunological memory from both B cells and T cells to not only prevent reinfections but also diminish disease severity; this is also the basis of vaccination.



Antibody-Dependent Enhancement (ADE)

Evidence demonstrating a positive association between high antibody titers and increased clinical severity of COVID-19 has raised the possibility that antibody-dependent enhancement (ADE) could, in some instances, contribute to an excessive immune response that exacerbates SARS-CoV-2 pathogenesis (123, 125, 147–149). ADE is a process in which antibodies bind to viruses to form virus-antibody complexes which potentiates and facilitates host cell entry via cell surface Fc receptors, causing infection of Fc-expressing cells such as B cells, dendritic cells, macrophages, and monocytes. Cellular Fc receptors bind to the constant region of antibodies that define the isotype (e.g., Fcγ receptors bind IgG). ADE has been shown to cause increased pathogenicity of some viruses such as Dengue virus, Ebola virus, and Zika virus (150–152). ADE has also been observed in certain human CoV challenges in immunized animals. These include MERS as well as SARS-CoV, where anti-S protein antibodies have potentiated viral entry via an ACE2 receptor-dependent mechanism, or independently of ACE2 by facilitating virus uptake via FcγRII (153–157). ADE has been observed to induce pro-inflammatory cytokine release from Fc-expressing immune cells in mice and NHPs (157–159). While there is no direct evidence yet to support this hypothesis in the context of COVID-19, the biphasic course of infection that has been described, in which severe hypoxia and respiratory distress typically manifest 7 to 14 days after onset of fever and viremia, coincides with the chronology of seroconversion and IgG class switching (160). Fortunately, animal studies thus far in immunized NHPs re-challenged with SARS-CoV-2 have not shown signs of ADE (149). However, these studies were limited to small numbers of animals and more studies are needed to understand if these animal models can successfully be used to understand ADE in humans. Furthermore, there have been two large-cohort studies published to date on the use of convalescent plasma in human patients, both deeming the incidence of serious adverse events to be low (161, 162). Cumulatively, this would suggest that ADE is unlikely to be a major cause of pathogenesis in SARS-CoV-2 infection in humans. Nevertheless, ADE should be investigated further as it could impact the efficacy and safety of serum therapy, as well as vaccination programs. In particular, if future vaccine candidates are to require booster shots because of impermanent immunity, ADE must be considered as repeated doses generate an increase in antibodies that could potentially contribute to ADE upon virus exposure.



Cross-Reactivity of SARS-CoV-2 Antibodies to Seasonal CoVs

A significant challenge in developing a specific SARS-CoV-2 serological assay is the potential for cross-reactivity of SARS-CoV-2 capture antigens with antibodies against other human CoVs (163). SARS-CoV-2 shares amino acid sequences and antigenic T and B cell epitopes with the highly prevalent sCoVs that cause the common cold including 229E, OC43, NL63, and HKU1, and also with the now rare MERS and extinct SARS-CoV that both cause severe and fatal respiratory disease (Figure 2) (62, 164–168). A recent prevalence survey of the sCoVs using RT-PCR revealed that OC43 is the most prevalent sCoV followed by NL63, HKU1, and finally 229E (169). While infection with the sCoVs induce antibody responses as would be expected, these wane over time and render the hosts susceptible to reinfection. An impressive study of the occurrence of reinfection for all four sCoVs over more than a 35 year span revealed that reinfections with the same sCoV occurred most frequently after 12 months (12). While sterilizing immunity to sCoVs is relatively short-lived, here we will review current knowledge about cross-reactivity of these antibodies to SARS-CoV-2 antigens.

Given that the prevalence of antibodies against all four sCoVs may be as high as 90%, as demonstrated in one sample of American adults (170), antigens used in SARS-CoV-2 serological assays may in some instances be detected by these naturally circulating and highly prevalent antibodies, thereby limiting test specificity and creating the potential for false-positive results. While the greatest probability for cross-reactivity exists between antibodies directed against SARS-CoV-2, SARS-CoV, and MERS, the latter two are exceedingly rare given the low case numbers of these infections (171, 172). Therefore, issues related to cross-reactivity between SARS-CoV-2 and the circulating sCoVs are of foremost concern.

Several serological studies have demonstrated cross-reactivity of SARS-CoV-2 S protein with SARS-CoV, MERS, and sCoVs (43, 53, 116, 118, 165, 173–175). The spike S2 domain is believed to be primarily responsible for this cross-recognition given its slightly higher level of sequence similarity than the other S domains (118). When comparing the amino acid sequence by both percent identity and percent similarity of all human CoVs, the S2 domain has the highest identity and similarity compared to full S, S1, RBD, or N domains (Tables 1 and 2) (173). Cross-reactivity between SARS-CoV-2 antibodies and the S2 domain of the SARS-CoV S protein has also been shown (176). Some studies examined the specificity of ELISAs and demonstrated cross-reactivity of sCoVs, MERS, and SARS-CoV sera only with the full SARS-CoV-2 S protein, and not with the S1 antigen (53, 173), which is in agreement with several other groups that failed to measure cross-reactivity of sCoV antibodies with SARS-CoV-2 RBD (62, 134, 176). Importantly, the lack of cross-reactivity demonstrated between the S1 subdomain of SARS-CoV-2 and sCoVs antibodies may point to its potential application as a target antigen for highly specific serological assays.


Table 1 | Percent identity of amino acid sequences between human CoVs and SARS-CoV-2.




Table 2 | Percent similarity of amino acid sequences between human CoVs and SARS-CoV-2.



There may also be cross-reactivity issues that affect the specificity of tests that use the N protein. The N protein of SARS-CoV-2 shows 97% similarity to that of SARS-CoV, 75% to MERS, and 58% to 65% similarity to the sCoVs (Table 2). One previous study analyzed the cross-reactivity of the N protein between the various CoV groups (177). They found that antibodies against the seasonal alphacoronaviruses 229E and NL63 demonstrated cross-reactivity towards each other but did not cross-react with betacoronavirus antigens, which would include SARS-CoV-2. Meanwhile, betacoronavirus (NL63 and OC43) sera primarily cross-reacted with N proteins from other betacoronaviruses, with the exception of SARS-CoV (177). While the SARS-CoV-2 N antigen was not included in the study, this suggests that it is likely that other betacoronaviruses would similarly cross-react with SARS-CoV-2. Indeed, Ng et al. also showed that sCoV-reactive serum could bind to the SARS-CoV-2 N protein in their flow cytometry-based detection assay (20). Therefore, there is also the potential for cross-reactivity between pre-existing antibodies towards sCoVs and the N antigen of SARS-CoV-2. While the high abundance of the N protein otherwise makes it a promising candidate for diagnostic serological assays, the potential for poor specificity due to cross-reactivity with prevalent sCoVs may be a critical limitation to its use. Indeed, in a pre-print manuscript, Anderson et al. demonstrated in a cohort of 207 pre-pandemic samples that 5% reacted to the SARS-CoV-2 S proteins, 2% against the RBD, and 19% against N (116). A closer analysis of these samples revealed that most had antibodies against OC43, 229E, and NL63 but these were non-neutralizing.



Protection From SARS-CoV-2 Infections by sCoVs Antibodies

While there is strong evidence that antibodies raised against sCoVs antigens can bind to SARS-CoV-2 proteins and interfere with serological assays, there is conflicting information concerning the protective role of these sCoV antibodies. While most neutralizing antibodies target the RBD to disrupt binding to the host-expressed ACE2 receptor (61, 178, 179), cross-reactive sCoVs primarily target the S2 domain of the SARS-CoV-2 spike protein (118, 167). Furthermore, non-RBD S1 as well as S2-binding neutralizing antibodies have been identified for both SARS-CoV and SARS-CoV-2 (92, 165, 180–182). As of this moment, two studies have shown evidence that the presence of sCoV antibodies is associated with less severe COVID-19 symptoms (183, 184), while two more have shown some neutralizing activity in pre-pandemic samples (118, 165).

More specifically, Ng et al. showed that healthy individuals with recent sCoV exposure had antibodies capable of limiting SARS-CoV-2 entry into host cells in an experimental system (118). It has been proposed that the protection conferred by sCoV antibodies may also contribute to the age disparity in COVID-19 susceptibility (118, 185). Seroprevalence of sCoVs varies considerably between age groups, with especially high prevalence in very young children (<1 year of age), an observation that aligns well with the fewer number of severe cases of COVID-19 in children (186, 187). The high prevalence of protective sCoV antibodies in younger individuals provides a plausible explanation for why young adults under the age of 20 are estimated to be half as susceptible to COVID-19 as those above the age of 20, and why children comprise only 21% of symptomatic cases, compared to upwards of 69% for those above 70 years of age (188). This hypothesis, however, remains to be tested in a well-designed randomized clinical trial.

However, mounting evidence support that few to no cross-neutralizing sCoV antibodies do in fact exist (116, 117). Nevertheless, one must be cognizant that most neutralizing assays utilize spike-pseudotyped viruses or surrogate (virus-free) assays with purified antigen. It is possible that such experimental systems fail to measure the overall protection of sCoV pre-exposure as seen in a living person. Indeed, sCoV-induced cross-reactive T cell responses and Fc effector functions of antibodies may also play a role in COVID-19 severity and outcomes (62, 164, 166, 168).



Immunological Back-Boosting by sCoV Antibodies and the Original Antigenic Sin

As described above, cross-reactivity of sCoVs antibodies to SARS-CoV-2 antigens has now been well characterized. It is also well established that most people have had prior exposure and produce antibodies to several sCoVs. While there is some evidence that sCoV antibodies can neutralize SARS-CoV-2, so far neutralization appears to be weak if at all detectable. Given that most cross-reactive antibodies bind the S2 region of the SARS-CoV-2 spike and are non-neutralizing, a very interesting an important question arises: can this cross-recognition of antigens give rise to immunological imprinting?

Immunological imprinting, also called original antigenic sin, relates to the concept of mounting an antibody response to a new pathogen using memory cells recognizing past antigens over stimulating a de novo antibody response (189). Such responses have been shown for influenza and dengue virus and are associated with poor virus neutralization and can have profound consequences on vaccine efficacy (190–193). For SARS-CoV-2 infections, a number of studies have now reported back-boosting of non-neutralizing sCoV antibody production (116, 118, 167, 194, 195). These antibodies appear to be most prominently targeted against conserved epitopes in OC43 and HKU1, both betacoronaviruses (194, 195). Interestingly, none of these studies presented evidence that a sCoV antibody boost was associated with either protection against SARS-CoV-2 infection or COVID-19 severity. In fact, a negative correlation was observed in some studies, providing additional support to a disfavorable consequence of immunological imprinting (194, 195). Given that most of the leading SARS-CoV-2 vaccine candidates being currently developed use the full (S1-S2) spike protein as the primary viral antigen, special consideration needs to be given as to whether inclusion of the S2 domain will be a factor that that impedes vaccine efficacy.



Epidemiological Implications of Serology Testing for SARS-CoV-2

As the COVID-19 pandemic continues around the world, with second and third waves of infections already taking form, it is becoming increasingly important to monitor serological data at the population level. Effective and ethical response strategies to the COVID-19 pandemic can only be formulated once it is accurately determined if neutralizing antibodies are present, how effective those antibodies are at preventing disease and viral spread, and how long that immunity will last. Ongoing epidemiological considerations include the concepts of herd immunity, shield immunity, and immunity passports. However, these ideas remain largely based on the assumption that a humoral response implies lasting immunity, making their implementation for SARS-CoV-2 premature on an ethical basis. It must be reiterated that further functional serological studies must be performed to measure long-term effectiveness of humoral responses.

One of the most widely discussed epidemiological concepts surrounding COVID-19 is the possibility of achieving herd immunity. Herd immunity is a population-level phenomenon where the risk of infection for susceptible and disproportionately vulnerable individuals is mitigated by the presence and proximity of immune individuals. As more people develop immunity, the risk to susceptible population decreases, resulting in fewer opportunities for pathogen transmission (196). Herd immunity is particularly important for protecting those who cannot be effectively vaccinated, such as the very young and the immunocompromised (197). For COVID-19, where the majority of deaths and severe symptoms are observed in patients 60 and older (198), herd immunity will also play an important role in protecting the vulnerable elderly population.

In order to achieve protection, a minimum percentage of the population, known as the herd immunity threshold (HIT), must develop immunity. In its most basic form, the HIT is estimated with the formula (R0 – 1)/R0, where R0 (the basic reproduction number for an infectious disease) represents the number of secondary cases generated by each infected individual in a fully susceptible population (199). Early models investigating the localized outbreaks in China estimated R0 for COVID-19 to range from 1.4 to 6.49, with a mean value of 3.28 (threshold = 69.5%) (200). While estimates continue to vary, there is a general consensus that the average value of R0 for COVID-19 is approximately between 2 and 3, implying that a minimum of 50% to 67% of a population must achieve immune resistance before herd immunity can take effect (201).

Herd immunity can either be achieved through natural acquisition (i.e., natural herd immunity) or by controlled vaccination programs (202). Natural herd immunity assumes that convalescence imparts sterilizing immunity, and therefore widespread infection is necessary for widespread immunity. In the context of COVID-19, while natural herd immunity is theoretically possible, its pursuit is difficult to ethically justify given the high mortality and lasting morbidity caused by the virus, and it is also difficult to implement practically. Recent seroprevalence data shows that no country is even close to achieving herd immunity through natural acquisition (Table 3). In Sweden, where no official lockdown measures were enforced throughout the pandemic, as of May 2020, there was only a seroprevalence of 15% in Stockholm (compared to their predicted seroprevalence of 40%) (214). Furthermore, in several COVID-19 “hotspots” like Iran and New York City, where large numbers of cases were observed in short timespans, seroprevalence still never exceeded 25%. In the vast majority of other cities and countries, seroprevalence is usually much lower than 10% (Table 3). Most importantly, given the high risk of long-term morbidity due to tissue damage caused by COVID-19, naturally acquired herd immunity cannot be ethically pursued or encouraged (215–218). Therefore, the pursuit of natural herd immunity against SARS-CoV-2 is not justifiable in any form or manner and will be associated with very high immediate and long-term healthcare costs due to chronic disease.


Table 3 | Seroprevalence of antibodies against SARS-CoV-2 in various countries and cities.



A safer, more effective, and ethically sound alternative to acquiring natural herd immunity is to deploy controlled vaccination programs. Rigorously tested and formally approved vaccines offer a safe and effective method to quickly increase a population’s immunity to a harmful pathogen (219). Furthermore, vaccines are designed to elicit a neutralizing antibody response without the severe pathogenesis associated with the corresponding disease, in this case, COVID-19. Therefore, while it may take several more months for a safe and effective SARS-CoV-2 vaccine to be developed, tested and deployed, it is widely agreed upon that vaccine-acquired herd immunity is faster, safer, cheaper, and more effective than natural herd immunity. However, cautious optimism is warranted over vaccines. Based on knowledge acquired from SARS-CoV convalescent individuals, long-term protective immunity may last for only a few months (6, 9). With waning humoral immunity over time against a highly prevalent and infectious virus, maintaining herd immunity at the population level will almost certainly require booster shots and updated vaccines to maintain immunity against reinfections by SARS-CoV-2 and its inevitable genetic variants that are poised to emerge.



Conclusions

Significant progress has been made with respect to understanding the antibody-mediated immune response to SARS-CoV-2 infections. The applications and utility of serological assays are manifold, spanning from the development of screening modalities for epidemiological monitoring and drafting effective public health policy, to the creation of vaccines, and finally to the diagnosis of past infections.

However, the appropriate utilization of serological data requires an understanding of its limitations and ensuring these limitations are accounted for in the current and future pandemic response. For example, it remains unclear whether differences exist between the effectiveness and duration of immunity procured by a natural SARS-CoV-2 infection or vaccine-mediated immunity. Furthermore, existing serological testing approaches are widely varied in their sensitivity, specificity, and practicality, and require an adept understanding of the characteristics of each test in order to determine which should be suitably used in which context. Finally, studying the characteristics of the main SARS-CoV-2 antigens has revealed how some may be better suited for either vaccine development versus serological testing. However, cross-reactivity to sCoVs, the risk of ADE, and emergence of mutations will have profound implications on how these antigens should be employed in vaccination or screening technologies.

As the COVID-19 pandemic continues to impart substantial human suffering and economic losses throughout the world, various governments and stakeholders are experiencing increasing urgency and pressure to re-open commercial and social activities. Nevertheless, folding under this pressure has the risk of driving pre-emptive action based on inconclusive evidence, as large-scale policy mistakes such as encouraging natural herd immunity, the implementation of unstandardized serological assays, or the distribution of unproven immunity passports may reverse progress and incur unacceptable human and financial costs. Instead, this motivation to resolve the pandemic should prompt the thoughtful application of existing research, as well as support initiatives that seek to address the remaining evidence gaps within epidemiology and questions of long-term immunity to COVID-19. Such a grounded approach will be required if we are to create safe and effective solutions for the rapid diagnosis and prevention of COVID-19 and, ultimately, return to our daily activities without having to wear a mask.
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The presence of pathogen-specific antibodies in an individual’s blood-sample is used as an indication of previous exposure and infection to that specific pathogen (e.g., virus or bacterium). Measurement of the diagnostic antibodies is routinely achieved using solid phase immuno-assays such as ELISA tests and western blots. Here, we describe a sero-diagnostic approach based on phage-display of epitope arrays we term “Domain-Scan”. We harness Next-generation sequencing (NGS) to measure the serum binding to dozens of epitopes derived from HIV-1 and HCV simultaneously. The distinction of healthy individuals from those infected with either HIV-1 or HCV, is modeled as a machine-learning classification problem, in which each determinant (“domain”) is considered as a feature, and its NGS read-out provides values that correspond to the level of determinant-specific antibodies in the sample. We show that following training of a machine-learning model on labeled examples, we can very accurately classify unlabeled samples and pinpoint the domains that contribute most to the classification. Our experimental/computational Domain-Scan approach is general and can be adapted to other pathogens as long as sufficient training samples are provided.
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Introduction

B-cells respond to infection by producing pathogen-specific antibodies that bind and neutralize infectious agents (1, 2). In addition to clearance of pathogens, memory B-cells are deposited as an immunological archive to be called upon in the event that a specific pathogen is re-encountered. Hence, the repertoire of antibodies in our serum contains medically relevant information regarding past and present interactions with pathogens, that is revealed through various serological immuno-assays (3, 4).

The “AIDS” test for example, measures the presence of HIV-specific antibodies in a given serum sample being examined (5). The presence of HIV-specific antibodies indicates that the subject encountered the virus in the past. Ideally, such immunoassays should be 100% specific, that is, never mis-classifying a healthy individual and 100% sensitive, i.e., never missing a bona fide infected person. Unfortunately, specificity and sensitivity are never perfect. In order to increase accuracy, several repeats of a test are performed, often using more than one methodology. For example, Enzyme-Linked Immunosorbent Assay (ELISA) tests are routinely run in duplicates and triplicates. However, further confirmation of positive ELISA test results is possible through western blot analysis (6, 7). Greater diagnostic confidence by western blot is gained when positive signals can be associated with multiple viral peptides. This effectively discriminates between fortuitous cross-reactive antibody binding to a single viral antigen, compared to multiple signals associated with different viral antigens, resolved by electrophoresis. The latter reflects multiple B-cell encounters with the pathogen that consequently produced a variety of antibodies against a spectrum of virus epitopes.

Previously, we proposed a novel method for sero-diagnosis in which individual epitope arrays are used as bait for the detection of pathogen-specific antibodies (8). This method of “Combinatorial Diagnostics” has the potential for scale-up, which could enable the multiplex testing for numerous pathogens in a single sample. Here we report further development of “Combinatorial Diagnostics”, combining biopanning of antigen-based filamentous phage-display libraries with Next-generation sequencing (NGS), namely “Deep Panning” (9). Moreover, we implement a computational pipeline to analyze our data and construct machine-learning models in order to discriminate between different groups of sera (Figure 1).




Figure 1 | Pipeline flow chart. The pipeline is composed of sequential steps; (1) Serum samples, which are either positive (+) or negative (-) with respect to a specific infection are used to screen Domain-Scan phage-displayed libraries (2) During PCR sample preparation, sample barcodes are incorporated into the sequence affinity selected phages (3) that are then sent to NGS (4). Erroneous DNA reads are filtered out. Then, the remaining reads are parsed (5) first by sample barcodes (SB, green and orange) and then by domain barcodes (DB, yellow, violet, blue, dark-green, light blue and pink). The two libraries (PVIII and PIII) are analyzed by a machine-learning algorithm (6) to identify discriminating features.





Materials and Methods

The main purpose of this study is to provide a multiplex and potentially high throughput platform for the sero-diagnosis of multiple infectious diseases. This is based on scoring serum antibody responses to arrays of pathogen defined peptides (15-50 amino acids), “Domains”. In order to test multiple serum samples against multiple pathogen peptide arrays simultaneously in a single sample, NGS data have been analyzed via a computational pipeline implementing machine learning.


Construction of the “fth1-BC” Vector

The fth1 filamentous bacteriophage vector (10) was modified to incorporate a library of barcodes, thus producing the “fth1-BC” vector (Figure 2). Oligonucleotides were designed to insert 12 random-base barcodes (N = A/C/G/T) into an untranslated region of the fth1 phage:




Figure 2 | The construction of the “fth1-BC” phage-display vector. (A) fth1 vector: the fth1 vector has two cloning cassettes, in recombinant protein VIII (SfiI sites, purple) and in protein III (BstXI sites, orange). (B) The “fth1-BC” vector has been modified such that recombinant protein VIII and protein III genes are preceded by a barcode (BC) coding region. The barcode region codes for a total of ~1.6x107 unique 12-bp DNA barcodes. In (C), the “fth1-BC” sequence and the Sanger sequencing-chromatogram illustrate the randomness of the barcode sequence.



Sense oligonucleotide: 5’-TAGGGGATCCAGGNNNNNNNNNNNNTCTAGAGCCGACCG-3’

The anti-sense oligonucleotide (5’- CGGTCGGCTCTAGA-3’) was complementary to the 14 bases at the 3’ end of the sense oligonucleotide (underlined). The two oligonucleotides were annealed and filled in with Klenow DNA polymerase large fragment (NEB cat# M0210L, MA). The insert containing the 12 random-bases was cloned into BglII-digested fth1 vector, using a Gibson assembly reaction (11) (40 bases corresponding to the fth1 sequences were added to the ends of the construct via PCR amplification). The cloned vectors were transformed into E. coli MC1061 by electroporation. The transformed cells were cultured in 500 ml of LB medium with tetracycline (20 μg/ml). The culture was grown overnight at 37°C with shaking at 225 rpm. The culture was then centrifuged at 8,000 rpm, for 20 min. The supernatant was discarded, and the pellet was used for plasmid DNA extraction (NucleoBond® Xtra Maxi Plus, MN, Düren, Germany).



Construction of Domain-Scan Libraries

All the Domain-Scan libraries were generated and expressed using the “fth1-BC” barcoded expression vector. Generally, unless indicated otherwise, for each target antigen, corresponding DNA primers were designed to produce serial overlapping segments (15 aa, 20 aa, or 50 aa in length) starting at the first codon of each gene and shifting by 15 or 30 bases (5 aa or 10 aa) towards the 3’ end of the gene. The size of each domain in every library was validated in agarose gel, and each insert was cloned into the digested and purified “fth1-BC” vector. The cloned vectors were used to transform DH5alphaF- competent bacteria. Clones were isolated and sequenced by standard Sanger sequencing in order to confirm the correctness of each cloned domain-peptide sequence, and to determine its corresponding barcode.

A total of six Domain-Scan libraries representing antigens derived from HCV and HIV-1 were cloned and expressed in fth1 Protein III and Protein VIII (the amino acid sequences are detailed in Table S1). Two cloning procedures were used for the Protein VIII libraries:



HIV-1 p24

Oligonucleotides corresponding to peptides 15 aa long and shifted every 5 aa corresponding to the HIV-1 p24 antigen, were designed (sense and anti-sense) such that, upon annealing, 3’-overhangs corresponding to the overhangs generated after cleavage of the 5’ and 3’ SfiI sites of recombinant Protein VIII were produced. The dsDNA products were directly ligated into the SfiI-digested “fth1-BC” by T4 DNA ligase.



HCV-CORE, HCV-E2 Domain-Scans, and Selected Peptides Derived From HCV-E2 and NS3

For the production of Domain-Scans, sets of oligonucleotides were designed to correspond to overlapping peptides of 15 aa shifted every 5 aa, and 20 aa shifted every 5 aa for HCV-CORE and HCV-E2 antigens, respectively. The oligonucleotides corresponding to each segment, were annealed (sense and anti-sense oligos were designed to have complementary 3’ ends), and the 5’ ssDNA aspects of the constructs were filled in with Klenow DNA polymerase. The products were ligated into SfiI-digested “fth1-BC” vector via a Gibson assembly. The same general scheme was used for the selected E2 and NS3 peptides (see Table S2).



Construction of Three Domain-Scans (HCV-NS3, HCV-NS5, and HIV-1-gp160) in Protein III

Oligonucleotides corresponding to overlapping 50 aa peptides with 10 aa shifts were prepared and cloned into Protein III. For this, gBlock DNA templates corresponding to HCV-NS3 and HCV-NS5 antigens of HCV genotype 1b were purchased from IDT (Integrated DNA Technologies, IA, USA). The template used for the production of the HIV-1 gp160-ConS peptides were kindly provided by Dr. Barton Haynes (12). Oligonucleotide primer-pairs (sense and anti-sense) were designed to enable PCR amplification of each of the specific overlapping and shifted domains, using the DNA templates described above. The primers included 5’ 20-base sequences corresponding to the protein III gene sequence flanking either side of the BstXI sites of the “fth1-BC” vector. Each domain was cloned, individually, into BstXI-digested “fth1-BC” vector using a Gibson assembly reaction. Each clone was sequenced to validate the sequence for correctness and to identify its corresponding 12-bp domain-specific barcode. Similarly, two selected peptides of 68 aa and 76 aa derived from the NS3 antigen were designed and cloned into the BstXI sites using the same general procedure (see Table S2).

Once the DNA clones, corresponding to the peptides derived from the six antigens used in this study were confirmed and their barcodes determined, they were consolidated respectively, to produce six individual DNA mixtures (Protein VIII: HCV-CORE, HCV-E2, HCV-NS3, HIV-1-p24, and Protein III: HCV-NS3, HCV-NS5, and HIV-1-gp160). For this, 150 ng DNA aliquots from each domain were combined to produce the six separate DNA mixtures. Next, the three DNA mixtures of Protein VIII-expression libraries were combined into one library (consolidated Protein VIII Library). Similarly, the DNA mixtures of the three Protein III-expression libraries were combined as well (consolidated Protein III Library). The consolidated Protein VIII and Protein III DNA mixtures were used separately to transform competent DH5alphaF-. Cultures were grown, and supernatants were collected. Bacteriophages were precipitated with polyethylene glycol (PEG-NaCl) overnight at 4°C, centrifuged at 8,000 rpm to harvest the bacteriophages, and re-suspended in Tris-buffered saline (TBS).



Polyclonal Sera

Polyclonal serum-samples were collected from three sources: The Israeli National Blood Bank (Magen David Adom, Tel Hashomer), Chaim Sheba Medical Center and Altai State University. A total of 85 different samples were analyzed in this study, representing three biological conditions: 15 HIV-1 positive, 40 HCV positive, and 30 healthy individuals. All sera were collected under informed consent and approved by the Institutional Review Boards. All samples were stored at -20°C.



Biopanning of Domain-Scan Phage-Display Libraries

For biopanning, 10 µl (approximately 1x1010 phages) of the Protein VIII or Protein III Domain-Scan libraries were mixed with 1 µl of serum sample and 1x1010 wt-fth1 phages (“carrier” phages were added with the intent to reduce non-specific signals), in TBS containing 3% BSA (completed to 100 µl) and incubated for 1 h on a rotating mixer at room temperature. Next, 50 µl of Protein-G coated magnetic beads (Invitrogen, DynabeadsTM Protein G) were added, and the mix was incubated for an additional 30 min on a rotating mixer at room temperature. The vials were then placed on a magnetic stand (Promega, MagneSphere® Technology Magnetic Separation Stands) for 2 min to collect the beads, and the supernatants were discarded. Subsequently, the beads were washed three times with 200 µl ice-cold Tris-buffered saline containing 0.5% Tween-20 detergent (TBST), re-suspended in 100 µl TBST, and transferred to a new vial. The vials were then placed on the magnetic stand, and the supernatants were discarded. Bound phages were eluted with 105 μl of elution buffer (0.1 M HCl adjusted to pH 2.2 with glycine, 1 mg/ml BSA) for 10 min at room temperature. The eluate was collected and neutralized with 19 μl of neutralizing buffer (1 M Tris-HCl pH 9.1). Each serum tested was used to screen the Domain-Scan libraries in triplicate, thus generating three independent samples sent to NGS. In order to multiplex dozens of samples together on a single NGS chip, an 8-bp sample-indexing barcode was introduced by PCR during sample preparation (see below). Hence, each serum sample was analyzed in triplicate, thus corresponding to three sample-indexing barcodes.



Sample Preparation for Illumina NGS Sequencing

PCR amplification of the Domain-defining barcodes was preformed directly on the eluted phages with no further DNA purifications. PCR reactions were conducted using the following primers introducing the Illumina Adaptor A and Adaptor B sequences, respectively:

“Forward”

5’-AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT

xxxxxxxxAAGTAGGGGATCCAGG-3’

(“xxxxxxxx” represents the unique 8-nt sample-indexing barcode, see above).

“Reverse”

5’-CAAGCAGAAGACGGCATACGAGCTCTTCCGATCTATCGCGGTCGGCTCTAGA-3’.

For each sample, 1 µl of the eluted phages, was mixed with 12.5 µl high-fidelity DNA polymerase (Invitrogen, PlatinumTM SuperFi™ PCR Master Mix), 10 pmol of “Forward” and “Reverse” primers, and ultra-pure H2O to a total reaction volume of 25 µl. The thermal profile was:

	98°C 2 min

	98°C 10 s

	60°C 10 s

	72°C 10 s	Go back to step 2 x25




	72°C 5 min



PCR product size was validated on 2% agarose gels, purified by Agencourt AMPure XP–PCR Purification (Beckman Coulter) and measured for concentration using a Qubit fluorometer. The samples were then diluted to 10 nM, combined and sent for Illumina NGS sequencing. Hence, three “samples”, each tagged with an 8-bp indexing-barcode, were produced for every serum that was analyzed. NGS output DNA reads contained a sample-indexing barcode followed by a Domain-defining barcode, a total of 54 bp fragment, flanked by the Illumina Adaptor-sequences (the total length of the PCR fragment was 152 bp).



Next-Generation Sequencing (NGS)

NGS was performed at the Weizmann Crown Institute for Genomics. 11 pM of samples were used for clustering PCR followed by sequencing of 1x75 bp using an Illumina NextSeq500. The lane was spiked with 20% PhiX DNA. Approximately 100 samples were run on a single lane and a total of six runs were conducted in this study. The 85 serum samples (see above) were screened against the six Domain-Scan libraries representing 339 domains (Table 1). A total of 655,017,893 reads were generated and used as input for the computational analysis.


Table 1 | Domain-Scan libraries.





Computational Analysis Input

The input to the machine-learning classifier was a list of sequence counts for each domain in each sample (the list of HIV-1 and HCV domains is given in Table S2, and the complete corresponding raw data are provided in Table S3).



Data Pre-Processing

First, samples for which there were less than 100,000 total counts were filtered out. Three and two such samples were filtered in the Protein III and Protein VIII libraries, respectively. For each of the remaining samples, the counts for irrelevant domains were used for normalization. Specifically, when classifying HIV-1 against healthy individuals, the counts for the HCV domains were used for normalization, while when classifying HCV against healthy individuals, the HIV-1 domains’ counts were used for normalization. Normalization was done by dividing each count by the total counts for the irrelevant domains. The rationale for using irrelevant domains for normalization is that the irrelevant domains measure non-specific binding. Thus, this normalization provides an estimate of the fold enrichment of domains of interest (either HIV-1 or HCV) relative to “noise”. For example, when the sample is from an HIV-1 positive sample, the normalized ratio for an HIV-1 domain should be high. In contrast, for an HIV-1 negative sample, the ratio should be substantially lower.

An average over the normalized counts of the triplicates of each domain, per individual, was computed to form a single sample per individual, i.e., after these steps, we obtained 85 samples, corresponding to the number of individuals. The data for each domain before and after processing are given in Tables S3 and S4, respectively.



Machine-Learning Classification, Training, and Test Data

We considered the problem of identifying whether a patient is infected with HIV-1 or not as a machine-learning binary classification problem (and similarly for HCV). For each sample, the input to the machine-learning algorithm was sequence counts of each domain (HIV-1 and HCV domain names are given in Table S2, and the complete corresponding raw data are provided in Table S3). We used the labeled cases described above to train machine-learning classifiers. These training data included 80% of both the infected and healthy individuals, while 20% were kept aside for testing, as described in a sequel. The machine-learning classifiers were trained to optimally separate the infected individuals from the healthy ones (based on the domain counts as features). To test the accuracy of the trained classifiers, 20% of all individuals (9 and 14 for HIV-1 and HCV, respectively) were randomly selected to compile a test dataset. Specifically, these 20% individuals were selected so that the ratio between infected and healthy individuals was identical in the training and test data (i.e., stratified sampling). The test data, for which we actually know the “true label”, were kept aside during the training step. The training and test data are provided in Table S5.



Machine-Learning Classification, Algorithms

The following classifiers were tested: Naïve Bayes (NB), Support Vector Machine (SVM), Logistic regression (LR), Linear-Discriminant Analysis (LDA), Random Forest (RF), and k-Nearest Neighbors (KNN). We used the Python implementation of these algorithms, available in the “Scikit-learn” package (13).



Machine-Learning Training and Feature Selection

For some domains, the median value of the healthy individuals was found higher than the median of infected individuals, indicating that these domains bind serum non-specifically. Thus, based on the training set, these domains were excluded from both the training and the testing data. To test the accuracy of each classifier on the training data, we used a repeated five-fold cross-validation procedure. Specifically, we divided the training data to five disjoint folds, each comprising 20% of the training data. Here too, we applied stratified sampling to form the folds. Each classifier was trained on four folds (comprising 80% of the training data) and its performance was evaluated on the remaining fifth fold using the AUC (area under the ROC curve) score. This process was repeated five times, each time with a different fold used for performance evaluation. This process of dividing to five random folds was repeated 50 times and the average AUC was measured over the 250 folds used for validation.

The above repeated cross-validation procedure on the training data was used both for parameter tuning and for additional feature selection, performed for each classifier. Parameter tuning was used both to improve the classifier performance and to avoid overfitting, i.e., accurate classification of the training data and poor classification of the validation data. Model regularization was introduced by limiting the number of trees, the tree depth, and the number of samples in the nodes of the tree in the Random Forest classifier, and by introducing the Lasso and Ridge Regression in the logistic regression classifier. The following feature-selection methods were considered: recursive feature elimination and select from model, as implemented in Scikit-learn (13). The set of features providing the highest AUC following these two feature-selection methods was chosen. After this procedure, we selected the classifier with its chosen parameters and its associated set of features that provided the highest AUC on the training data and evaluated its performance on the test data. Of note, the feature selection procedure additionally provides a feature importance score for each feature, reflecting its contribution to the classification accuracy.



Sequencing Noise Analysis

To examine a potential effect of sequencing noise produced by the NGS on our analysis we applied two complementary approaches: (i) We tested how stable our results are. To do so, instead of averaging the triplicates we randomly selected a single sample from each triplicate. We then repeated the entire machine-learning pipeline as described above, this time using the single samples instead of the average over triplicates; (ii) We tried to test how sequencing coverage affects the obtained results. To do so, we followed a down-sampling approach, in which we randomly sampled a subset of the reads. Specifically, we sampled 50%, 60%, 70%, 80%, and 90% of the reads. We repeated the entire machine-learning pipeline for each such sampling.




Results

Combinatorial diagnostics is based on individually measuring the binding of serum-antibodies to members of a panel of pathogen-defining markers. In this study, we applied Deep-Panning analysis of pathogen-defining Domain-Scan peptides, displayed on filamentous bacteriophages in order to develop a high throughput and multiplex serum diagnostic platform.

Initially, we used Protein VIII to express 105 short peptides derived from the CORE, E2 and NS3 antigens of HCV and 41 peptides representing p24 of HIV-1. Subsequently, in order to expand the range of diagnostic antigens and potentially include conformational targets, we added 205 “domains” as Protein III fusions representing HCV NS3 and NS5 as well as HIV-1 gp160. Ultimately, a total of 339 peptides, representing “domains” derived from six different antigens of HIV-1 and HCV, were analyzed.


Construction of the “fth1-BC” Vector

The Domain-Scan libraries were prepared using a novel fth1-BC vector system. In order to obtain an optimized and uniform read-out using NGS, we modified the fth1 vector by inserting a barcode-library of 12 random bases into an intergenic region of the vector. Each cloned domain was thus associated with a unique 12-bp barcode (see Materials and Methods and panels A and B in Figure 2). As a result, all peptide domains, irrespective of their composition, length, or fusion partner (Protein VIII or Protein III) were scored by NGS with equal read efficiency.

An aliquot of the modified fth1 barcode (BC) vector was sequenced to confirm the expected high variability of the barcode region (Figure 2C). Furthermore, the barcodes of twenty randomly selected clones were sequenced and found to be different from each other. The vast complexity of barcodes was further shown by reading an aliquot of the library by NGS.

This “fth1-BC” vector was used as a universal platform for producing the Domain-Scan libraries in either the protein III gene (using the BstXI sites) or protein VIII gene (using the SfiI sites). As a result, each cloned peptide could be associated with a unique barcode. The sample preparation for Illumina NGS was performed by PCR, employing sense and anti-sense primers containing the Adaptor A and B sequences, respectively (see Materials and Methods). Moreover, a sample indexing-barcode was introduced just prior to the domain-defining barcode. The PCR product (152-bp) was “ready to use”, generating reads of uniform size containing first the sample index barcode (8-bp) followed by the domain barcode (12-bp), a total uniform read length of 54-bp irrespective of the size of the domain or whether it was displayed on Protein III or Protein VIII (a general scheme of the experimental procedure is given in Figure 1).

Panning of phage libraries can sometimes generate non-specific binding due to the “stickiness” of peptides. In order to reduce this “background noise”, the Domain-Scan libraries were mixed with carrier “inert” phages, fth1-phages devoid of any insert. In addition, we designed the sequences flanking the 12-bp DNA barcodes to be unique sequences (i.e., absent in the fth1 phage), and as a result, the PCR primers used for NGS sample preparation did not generate signals from the fth1 vector DNA. Thus, the dilution of the Domain-Scan phage-display libraries with carrier phages, led to decreased background noise, without introducing reads from fth1 carrier phages.



Construction of Domain-Scan Libraries

Initially, three Domain-Scan libraries were prepared by cloning oligonucleotides corresponding to short peptides into the SfiI cloning sites of the recombinant protein VIII gene of the fth1-BC vector; (i) 41 overlapping domains of the p24 antigen of HIV-1, (ii) 27 domains from the N-terminal aspect of HCV-CORE antigen (residues 1-135), and (iii) 75 domains representing HCV-E2 antigen. In addition, phages expressing selected non-overlapping peptides derived from the HCV-NS3 antigen were also prepared (see Table S2). In order to expand the libraries and include potential conformational diagnostic epitopes, three additional Domain-Scan libraries were produced displaying longer peptides. For this, the BstXI cloning sites of the recombinant protein III gene of the fth1-BC vector were employed as Protein III can incorporate relatively large peptide inserts (14). The libraries were as follows: (i) 83 domains representing HIV-1 ConS gp160 antigen, (ii) 81 domains representing HCV NS3 antigen, and (iii) 41 domains representing HCV NS5A antigen (Table 1). A total of 348 clones were produced, each associated with a unique 12-bp domain-defining DNA barcode. Once all domains and barcodes were confirmed for each of the antigens, the Protein III clones and the Protein VIII clones were combined to yield two individual DNA mixtures, which were used separately to transform E. coli cells for phage production. Figure 3 illustrates the “landscape baselines” of the domains for each of the antigens used as was measured by NGS performed directly on the naïve unscreened libraries.




Figure 3 | Baseline analysis of the Domain-Scan libraries: The histograms represent the frequency distributions of the various domains that constitute each library. (A) HIV-1 libraries (B) HCV libraries.



Deep-Panning of the Domain-Scan Libraries: Serum samples representing three biological conditions were used to biopan the consolidated combined phage-displayed Domain-Scan libraries; sera from: 40 HCV infected, 15 HIV-1 infected, and 30 naïve healthy individuals (a total of 85 serum samples). The serum samples were screened in triplicate against each of the two phage-display Domain-Scan libraries (for details, see Materials and Methods). For each serum sample, an additional “sample-defining” 8-bp DNA barcode was introduced during the sample preparation for NGS (Figure 1).



Computational Analysis of the Domain Scan

The 85 serum samples were screened in triplicate and the affinity-selected phages were harvested, processed, and their DNA was sent to NGS, yielding a total of 655,017,893 reads (Table 2). The next step was to analyze the extensive amount of data obtained from deep-panning experiments, which reflect affinity-selected domains from multiple serum samples, in order to draw conclusions with respect to the affinity-selected domains and their application as diagnostic markers.


Table 2 | Deep-Panning of HCV and HIV-1 Domain-Scan libraries.



We developed a computational pipeline, providing a high-throughput, and multiplex platform for sero-diagnosis of infectious diseases (Figure 1). The pipeline was comprised of four sequential steps: (i) Quality control of the sequences, in which aberrant reads were discarded; (ii) Parsing the sequences, first by sample-barcodes and then by domain-defining barcodes; (iii) Calculation of an “enrichment score” and removal of irrelevant domains; and (iv) Machine-learning classification aimed to discriminate healthy from infected individuals and quantify the contribution of each disease-related domain to the classification performance.

Steps (i) and (ii) are described in detail in the Materials and Methods. Step (iii) is the calculation of an “enrichment score” for each domain and determination of the utility of a domain as a discriminating diagnostic marker. This was conducted in a number of steps as described herewith: For each serum sample, a set of disease-related domains were identified and compared against “irrelevant domains”. As a case in point, the Protein VIII domains derived from the CORE, E2 and NS3 antigens are regarded as “disease-related domains” when analyzing HCV. Consequently, the p24 HIV-1 derived domains were taken as the “irrelevant domains” for comparison. For this, the reads of the p24 HIV-1 domains were summed and used as a reference “normalization-constant”. Then, the observed reads for each HCV-domain were divided by the normalization-constant, resulting in a “domain-enrichment score”. For the naïve healthy sera, enrichment scores were calculated in the same manner (i.e., when HCV sera were analyzed both the HCV positive and the healthy samples were divided by the sum of HIV-1 domains, and when the HIV-1 sera were analyzed, both the HIV-1 positive and the healthy individuals were divided by the sum of the HCV domains). Next, the irrelevant domains were removed from the analysis (Table S4). Finally, the enrichment scores of the disease-related domains were used for the subsequent machine-learning classification.



Machine-Learning Classification

First, the data were randomly divided into two distinct sets: 80% of the data were used for training and 20% of the data were left aside in order to be used as a test set to assess the ability of the platform to diagnose the clinical status of un-seen sera. After training the classifiers on the training data as described in the methods, the classifier was fitted to the training set and the AUC was calculated both for the training data and for the test data. In total, six classifiers were evaluated, as described in the methods.

We first analyzed only the data obtained from the Protein VIII Domain-Scan library containing; CORE (26 domains), E2 (75 domains), and NS3 (17 domains) for HCV, and p24 (41 domains) for HIV-1. A total of 69 domains remained after discarding the irrelevant domains: 22, 43, 3, and 1 for HCV-CORE, HCV-E2, HCV-NS3, and HIV-1-p24, respectively.

Regarding the HCV classification, the Random Forest classifier outperformed all other classifiers with a perfect classification (AUC of 1.0) both on the training set and on the test data. In addition to AUC, the results of the classification can also be described in a confusion matrix, which provides the frequencies of true positives (correctly identified infected individuals), false positives (healthy individuals misidentified as infected), true negatives (correctly identified healthy individuals), and false negatives (infected individuals misidentified as healthy). The HCV training set included 32 infected and 24 healthy serum samples, while the test set included eight HCV-infected and six non-infected serum samples and the accuracy of the HCV classification using Random Forest was 100% both on the training and the test sets.

Regarding HIV-1 classification (based on the Protein VIII Domain-Scan library), only one domain remained after discarding the domains for which the median of the healthy individuals was higher than that of infected individuals (see Materials and Methods). This domain had a median of 0 both in the healthy and infected individuals and consequently, no further analysis could be done on the data. It suggests that p24 domains alone provide only poor sero-diagnostic power for HIV-1.

These results led us to construct additional domain scans expressed on Protein III, assuming that by using additional larger peptide segments of viral antigens (50aa) we might gain conformational epitopes as well. We added Domain-Scans for both HIV-1 and HCV, anticipating that HIV-1 classification will now become feasible. We expected the already perfect HCV classification to remain the same. The domains added in the Protein III Domain-Scan consolidated library included NS3 and NS5A for the HCV (61 and 40 domains, respectively) and gp160 (79 domains) for HIV-1. A total of 71 domains remained in this library after discarding the irrelevant domains (5 for HCV-NS3, 25 for HCV-NS5A, and 41 for HIV-1 gp160).

Regarding HCV classification, Random Forest showed the best performance with an AUC of 0.999 on the training and 0.875 on the test. Combining the domains of both the Protein VIII and Protein III libraries resulted with a perfect AUC of 1.0 both on the training and the test sets (with Random Forest as the best classifier). Thus, the combined analysis maintained the perfect AUC score achieved using the Protein VIII library domains alone, both for the training and the test datasets. The accuracy remained perfect as well.

The inclusion of 50-residue gp160 domains enabled accurate HIV-1 classification. The best performing classifier was Random Forest, and the resulting AUC was perfect (AUC of 1.0) both for the training and test sets. The corresponding accuracy was also perfect.

The complete training and test results of all the classifiers, for the Protein VIII Domain-Scan library, for the Protein III Domain-Scan library, and for the combined analyses, are available in Tables S6 and S7, for HCV and HIV-1, respectively. The corresponding Random Forest ROC curves of HCV are given in Figure 4. We additionally tested how robust the reported results are to sequencing noise (see Methods). Both relying on a single sample instead of triplicates and down sampling by 50% did not affect the results (i.e., a perfect classification for both HIV-1 and HCV), suggesting that sequence noise was not a major concern in this analysis.




Figure 4 | Random Forest ROC-curves of HCV training set and test set. The curves were plotted based on the (A) training set predictions and (B) test set predictions. The predictions were done after training the classifier on CORE and E2 domains (left), NS3 and NS5A domains (middle), and all four antigens (right).



During the classification process, a feature-selection procedure was conducted in order to achieve better accuracy for the classification. Features (domains) that were identified as the most meaningful from our data were kept while the rest were discarded. The feature-selection procedure also provided a feature importance score for each feature, reflecting its contribution to the classification accuracy, the higher the score, the more important is the feature for classification. The most important features were CORE_26-40 for HCV and gp160_291-340 for HIV-1. Furthermore, the feature selection process selected domains from all the antigens (see feature importance bar plots in Figure 5). The distribution within the antigens of the most important features is shown in Figure 6. Seven clusters of overlapping features are apparent. The importance scores for these features are given in Tables 3 and 4.




Figure 5 | Features’ importance scores for HIV-1 and HCV domains. The selected domains were ordered in the x-axis from left to right according to their importance for Random Forest classification. The y-axis represents the importance score. In (A) are the domains of HIV-1 and in (B) are the HCV domains.






Figure 6 | HIV-1 and HCV selected domains. The selected domains were ordered based on their position on the antigen’s amino acid sequence. The color density of the domains indicates the importance for Random Forest classification. In (A) are the domains of HCV and in (B) are the HIV-1 domains.




Table 3 | HIV-1 selected domains and the corresponding importance score.




Table 4 | HCV selected domains and the corresponding importance score.






Discussion

Immuno-diagnosis of infectious disease is based on the ability to detect the presence of disease-related antibodies in clinical samples, such as serum. For this, Mario Geysen produced pathogen-defining “Pepscans” comprised of tiled overlapping synthetic-peptides that served as bait in solid phase immunoassays (15). Here, as an alternative to synthetic-peptides, we employ comprehensive phage-displayed arrays of deconvoluted viral antigens, producing “Domain-Scans”. The use of phage-display, as a means to present peptides for antibody interrogation, offers a number of advantages: (1) Peptides ranging from tens to hundreds of amino acids can easily be expressed; (2) Once cloned, the peptide library can be amplified to produce high titer-stock solutions that can be replenished endlessly; (3) The screening of phage-display peptide arrays can be conducted in small manageable micro-volumes, making phage-displayed Domain-Scans particularly amenable to high-throughput applications, screening numerous samples easily; (4) NGS multiplexing allows the analysis of the affinity-selected peptides, generating mega-data portraying a broader and more comprehensive view of the humoral immune response to infection and other morbidities.

Such application of NGS and T7 phage-display was reported previously by Xu and colleagues in their production of “VirScans” (16). The VirScan library contains a total of 93,904 56-mer peptides that correspond to over 1,000 strains of 206 human infectious viruses. Combined with NGS, Xu and colleagues have been able to study the diversity of viruses that infect human populations, survey the range that different viruses infect individuals and identify antigenic epitopes of diagnostic value (16). The application of the VirScans has already proven useful (17–19).

In this study, we created six phage-displayed Domain-Scans that represent two pathogens, HIV-1 and HCV, containing a total of 339 peptides of 15, 20, and 50 amino acids in length. These Domain-Scans were screened in two multiplex assays (using either Protein VIII or Protein III) against serum samples taken from HIV-1 positive individuals, HCV positive individuals and compared against otherwise healthy individuals. The objective of these analyses was to test the diagnostic performance of our multiplex platform and to identify specific peptide domains that best represent the humoral response raised against either HIV-1 or HCV infection. These domains were used collectively as bait in mixed reactions to measure the presence of specific and corresponding antibodies, independent of one another. The rationale underlying this combinatorial approach (8) is that measuring antibody binding to multiple markers individually, enhances diagnostic power. Demonstrating antibody binding to distant and discontinuous segments of a viral antigen indicates multiple and independent B-cell encounters with the pathogen. Consequently, confidence in a correct diagnostic call increases with the ability to confirm multi-B-cell reactions, even within a given antigen.

Our results illustrate that for the separate viral antigens we detected several specific domains that were found to be effective diagnostic markers, listed in Tables 3 and 4. Notably, overlapping domains often cluster indicating strong particularly immunogenic regions within a single antigen. Thus, for example in the NS5 antigen of HCV there were three well defined regions: (i) 121-170, (ii) 261-360, and (iii) 371-440 (Figure 6). These separate clusters would indicate that at least three different B-cell clones and possibly more produce anti-NS5 antibodies. Similarly, the situation in HIV-1 gp160 would indicate that at least 6 different B-cell events generate antibodies against the HIV-1 envelope (Figure 6 and detailed in Table 3). The region of eight overlapping 50-mer peptides, from residue 521 to 640, most likely represents at least three distinct, and probably more, epitopes. Thus, for example, the complete well-known dominant pentameric loop of gp41 (residues 590-CSGKLIC-596 (20–22),) appears in three of the eleven affinity selected 50-mer domains. Interestingly, domain 591-640 contains the sequence SGKLIC, missing the first cysteine residue of the disulfide loop. We have previously reported that HIV-1 infected individuals can discriminate both the looped and linear forms of this epitope of gp41 (21), which is supported by the fact that the Domain 591-640 was selected, although relatively poorly. The previously known “573-LAVERY-578” epitope (23–25) is represented in Domain 541-590, independent of the pentameric loop, indicating that this domain has distinct epitopes as well. Finally, the Domains 271-340 represent a second cluster of three overlapping domains and does not contain either the LAVERY epitope or the pentameric loop and thus, must be recognized by yet another B-cell clone. Use of shorter peptide Domains increases the resolution of the assay as is illustrated in the response to the HCV CORE antigen. Multiple independent B-cell clones generate antibodies against this antigen as is illustrated by the two extended clusters of Domains selected by HCV positive sera. As Domain 16-30, which initiates the first cluster, does not overlap at all with the last peptide, residues 41-55, one can conclude that binding to the region 16-55 reflects at least two independent B-cell events. Similarly, one can conclude that the second cluster in the CORE, residues 61-90 binds antibodies derived from at least two independent clones as well. Thus, greater credence and robustness in diagnosis is gained with the ability to detect multiple B-cell responses to a given antigen, a measure that would be lost when using antigen mixtures as in ELISA tests.

Further improvement of combinatorial diagnostics is gained through the implementation of the supervised machine-learning approach illustrated in this study. According to this approach, the weights of the different domains were computed in the training phase of the algorithm, from known cases (HIV-1 and HCV compared to the healthy individuals). The benefit of the machine-learning approach is that it can improve when more data are analyzed: As the number of known cases increases, it is expected that better weighting of the different domains is achieved, leading to better classification accuracy. Another advantage of the machine-learning approach developed here is that the classifier can learn inter-relationships between the separate domains. For example, if each of five separate domains is marginally enriched and not in itself statistically significant, the trained classifier can learn that such a combined signal is enough to classify an unknown sample as positive. The trained classifier can also learn that an enrichment of five other domains may not be enough to classify an unknown sample as positive. Thus, our trained classifier does not merely count the number of statistically significant domains, but rather, specifically considers which domains are enriched, and to which extent. Similarly, the classifier can detect “sticky” domains, which are highly enriched, yet are non-informative for classification. Moreover, the machine-learning classifier does not only provide a binary decision regarding whether a sample is positive or not for a specific pathogen, but rather, it provides a score reflecting how confident a classification is. This allows pointing to samples for which a repeated test should be performed or should be tested by complementary methods.

The application of disease-defining phage-displayed diagnostic markers could be especially important in screening blood donations for multiple pathogen contaminations and thus improve transfusion safety. It is anticipated that by using the Domain-Scan approach and supervised combinatorial diagnostics it should be possible to construct effective epitope arrays for dozens to even hundreds of specific pathogens of concern that could be screened in a single multiplex assay to secure safe blood donations and disqualify those suspected of pathogen contamination.
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The recent availability of automated computer-assisted diagnosis (CAD) systems for the reading and interpretation of the anti-nuclear antibody (ANA) test performed with the indirect immunofluorescence (IIF) method on HEp-2 cells, has improved the reproducibility of the results and initiated a process of harmonization of this test. Furthermore, CAD systems provide quantitative expression of fluorescence intensity, allowing the introduction of objective quality control procedures to the monitoring of the entire process. The calibration of the reading systems and the automated image interpretation are essential prerequisites for obtaining reproducible and harmonized IIF test results and form the basis for standardization, regardless of the computer algorithms used in the different systems. The use of automated CAD systems, facilitating control procedures, represents a step forward for the quality certification of the laboratory.




Keywords: harmonization, standardization, anti-nuclear antibodies, computer-assisted systems, immunofluorescence, automation



Introduction

The indirect immunofluorescence (IIF) assay on HEp-2 cells is considered the reference method for the screening of anti-nuclear antibodies (ANA) and plays a central role in the diagnosis of autoimmune rheumatic diseases. Its high diagnostic sensitivity allows the detection of over 30 different fluorescence patterns, corresponding to as many autoantibody specificities (1–4). However, the HEp-2 IIF method is currently limited by a low level of harmonization. Major drawbacks are high intra and inter-laboratory variability, semiquantitative expression of results and lack of specificity. The method is also time consuming and has a long turn-around-time (5–8). It was also pointed out that the high variability of the method jeopardizes the selection of patients to be included in clinical trials for the evaluation of therapeutic protocols (9). The main critical issues related to the search of ANA by HEp-2 IIF are shown in Table 1.


Table 1 | Main issues in the standardization of the ANA HEp-2 immunofluorescence assay.



Probably the most important cause of variability in the detection of HEp-2 IIF ANA is represented by the subjectivity in titer and pattern interpretation, even when the reading is performed by expert personnel (10, 11). In this regard, external quality assessment (EQA) schemes have highlighted a significant discrepancy of the results, especially for samples with a cytoplasmic pattern and in the assessment of the antibody titer which, in some cases, may differ by more than two dilutions (12–14).

Other causes of variability are inherent in the reagents used. Differences in the HEp-2 substrate supplied by the various manufacturers mainly related to the growth time of cell cultures and the methods of cell fixation, are an important source of discrepancy (15, 16). The different substrates of HEp-2 cells available on the market significantly determine the non-uniform accuracy of the various diagnostic kits, not only in terms of overall sensitivity but also as regards the ability to detect autoantibodies directed against some antigenic specificities (17).

Another critical issue is the choice of the initial dilution of the screening test, which is directly linked to the diagnostic specificity of the method. There is now sufficient agreement that the threshold cutoff for ANA should no longer be fixed at 1:40. Accumulated evidence has made clear that the best compromise between sensitivity and specificity of the ANA test be at least 1:80. Furthermore, the choice of 1:80 as the best screening dilution is consistent with the results obtained by Tan et al. (18) on more than 22,000 healthy individuals, showing that this titer corresponds to the 95%ile of healthy controls, as recommended by the EASI group (4) and various national guidelines (19–21). The new classification criteria for systemic lupus erythematosus also recommend a screening dilution of 1:80 (22).



ANA HEp-2 IIF Detected by Automated Computer-Assisted Systems

In an attempt to overcome some of the disadvantages of manual HEp-2 IIF tests, the biomedical industry, in addition to the development of fully automatic slide processors to standardize the pre-analytical phase, has developed computer-aided diagnosis (CAD) technologies to digitalize ANA HEp-2 IIF analysis (23–28). These systems arise from the combination of various hardware modules which, using software based on complex mathematical schemes and algorithms, are able to acquire, analyze and store the images in a fully automated way (29, 30) (Figure 1).




Figure 1 | Complete processing cycle of automated HEp-2 cells assay reading by Aklides system (reproduced from Hiemann R, et al. Challenges of automated screening and differentiation of non-organ specific autoantibodies on HEp-2 cells. Autoimmunity Rev 2009; 9:17-22) (29).



One of the most important advantages of CAD systems is that they offer a more standardized, automated quantitative reading of the fluorescence signal, translated into system specific fluorescence intensity (FI) measures. In a meta-analysis that compared the diagnostic accuracy of CAD systems with that of manual methods for HEp-2 IIF, CAD systems showed overall greater agreement in the estimation of results and less variability in the definition of antibody levels compared to manual methods. Furthermore, in the screening of systemic autoimmune diseases, automated methods have proved more sensitive than manual ones (31).

Through the digitization of the images, CAD systems aim not only to determine the reduction of the variability of the HEp-2 IIF tests, minimizing the subjectivity of the interpretation of the fluorescence patterns (31–34), but also to increase the productivity of the laboratory, eliminate the use of the darkroom, allow the archiving of images for future check, ensure sample traceability through the barcode, and electronic data transmission (35).

However, despite the obvious improvements in the harmonization of results, given that these new computerized systems use HEp-2 cells, they still suffer from some of the inherent problems of the manual HEp-2 IIF method. Furthermore, like all analytical systems produced by various manufacturers, CAD systems differ in DNA counterstaining (DAPI, propidium iodide, none), substrate composition, run time, number of microscopic fields processed, type of recognized HEp-2 IIF patterns and the interpretative software of the acquired images (24, 27).

The nature of the light sources and the specifications of the microscope optics may also be a cause of inconsistency (36–38). Differences in the technical specifications of the light emitting devices, filters and lenses, can lead to a high variability in the intensity of the excitation light used in CAD systems. In these automated systems the drop in intensity of the LED lamp, the degradation of the camera sensor, the whitening of the fluorescent filter, the misalignment of the light path, may have an impact on the intensity of the emitted fluorescence (39, 40).

In a study involving 31 Belgian laboratories using different automated CAD systems, reproducibility of results and sufficient accuracy in estimating dilution was observed in a limited number of laboratories, while the overall results indicated that significant variability persisted in the detection of ANA. It should be noted that not only variability was found between the results of automated HEp-2 IIF assays from different manufacturers but also between those obtained from instruments of the same manufacturer (41).

Finally, as regards the interpretation of the pattern, it cannot be overlooked that automated CAD systems are currently able to recognize only some fluorescence patterns, mainly the homogeneous, speckled, nucleolar, centromeric, nuclear dots and cytoplasmic. Hence, visual reading by the operator at the monitor is still considered essential in order to assign the pattern and for subsequent reporting. To perform the diagnosis by looking at digital images on a workstation monitor allows the specialists to better concentrate on sample examination, e.g. to observe carefully fine details without take care of photobleaching effects. The observers were initially not accustomed to diagnose the sample using the workstation monitor, while they were well skilled in carrying out the diagnosis at the microscope. Therefore, the results on digital image classification could potentially remarkably improve as the expertise with this kind of diagnostic procedure increases and even the less frequent patterns, not recognized today by CAD systems, can be identified more accurately by the specialist.



Standardization/Harmonization of Automated ANA HEp-2 IIF Assays

The standardization of autoantibody tests is generally considered to be among the most challenging in the context of in vitro diagnostics (42). The main reason is that measurands, i.e. antibodies, are made up of a highly variable mixture of different molecules in terms of epitope recognition, degree and type of glycosylation, isotypes and subclass distribution, and degree of avidity (43, 44).

Standardization can be defined as the process of implementing a standard preparation capable of maximizing the compatibility, even quantitative, of test results and possibly achieving their uniformity. Harmonization, on the other hand, can be defined as mediation between different measurements obtained with different methods and procedures to make them mutually compatible. Harmonization is generally reached by agreement between the parties concerned and is formalized in recommendations and/or guidelines (45, 46).

Therefore, if standardization in autoimmunology is a very difficult goal to achieve and will likely take a long time, the use of automated CAD systems is expected to improve right away the harmonization of the reading of HEp-2 IIF. In particular, two important benefits are expected: greater agreement in discriminating between positive and negative ANA samples, and lower imprecision in the definition of antibody titer/concentration. Currently available data show that the concordance between conventional HEp-2 IIF interpretation and automated systems in correctly expressing positive and negative results varies between 92% and 99% (24, 25, 30, 47, 48). In samples with ANA tests that are clearly negative or highly positive, CAD systems achieve a degree of accuracy close to 100% (49). The greater reproducibility of the results provided by the new automatic methods was demonstrated in a study that compared the analytical imprecision of six CAD systems vs. the manual HEp-2 IIF method. The mean coefficient of variation (CV) was 12% for the CAD vs. 39% for manual IIF (24).

A further contribution to the harmonization of the process concerns the choice of the cutoff titer, which is fundamental for a correct classification of the samples as positive or negative. While it would be recommended for each laboratory to determine its own screening dilution for the local population to distinguish healthy and diseased states, in practice, this procedure is not followed by the vast majority of laboratories because there is a high consensus in the literature that the titer of 1:80 can be considered the best compromise between diagnostic sensitivity and specificity (21, 36, 50–52). Furthermore, since the titer 1:80 is the screening dilution adopted by all manufacturers of CAD systems for automated reading and interpretation of ANA (24), this methodological approach represents a first and concrete step to achieve the harmonization of ANA HEp-2 IIF results. Indeed, if different laboratories should adopt different cutoffs, this would diminish comparability of results and therefore decrease harmonization.

However, given that the fluorescence signal is strongly dependent on the antibody pattern because of the variable concentration and cell distribution of the self-antigens, different staining patterns are characterized by a different FI mean for the same end-point titer. This issue has been faced by manufacturers of CAD systems developing built-in calibration curves for each one of the most common ANA patterns. To prove this relationship, Carbone et al. calculated R2 on a single fitted lines plot obtained by plotting FI as a function of dilution factor for whole serum series and for 10 different antibody patterns. Regression analysis showed a close relationship between FI and titer dilution for each pattern (53).

Since an accurate extrapolation of antibody titer based on fluorescence intensity is not possible with only a single screening dilution and this method cannot be applied to mixed ANA patterns, Won (54) proposed to use the line slope titration (LST) method using at least two distant point dilutions (i.e., 1:80 and 1:320) which would enable a better prediction of end-point titers based on the measured FI and evaluate possible prozone effects avoiding serial dilutions. To this end, an interfacing middleware to calculate the endpoint titer using LST should be implemented between automated CAD software and the laboratory information system (54).

While the advent of CAD systems has already contributed to improving ANA HEp-2 IIF assay, for a wider harmonization of the test, other aspects must be considered. Uniform terminology is also needed in the description of the HEp-2 IIF patterns. In a context characterized by the absence of a universally accepted nomenclature and by a substantial subjectivity in the interpretation of fluorescence patterns, the International Consensus on ANA Patterns (ICAP) had the merit of laying the foundations for the harmonization of the terminology, of providing guidelines for the interpretation of test results and to indicate the reporting format (55–57). ICAP has also defined the clinical relevance of the distinct HEp-2 IIF patterns, also indicating the appropriate use of in-depth tests, and has promoted the translation of the information content into multiple languages, to facilitate the unambiguous diffusion of the classification system in different countries of the world (58).

Reporting the ANA test result as positive or negative in the presence of cytoplasmic and mitotic patterns (CMP) is still a controversial topic (22, 59). However, although there is still no general consensus, given that CMP are observable in the HEp-2 IIF assay along with the nuclear patterns, some guidelines have recommended that CMP should be included in the ANA positive definition (4, 60–62).



Quality Assessement

In addition to automated procedures for the validation of the analytical process, the HEp-2 IIF CAD systems, due to their ability to report FI quantitative results, allow the introduction of quality control (QC) procedures using objective acceptance criteria for each analytical session (7). Quality assurance can be based on daily monitoring of the measured FI values ​​for positive and negative QC samples, evaluated with the traditional Westgard rules, 12CV as the alarm limit and 13CV as the limit to reject the series (63, 64). In this regard, however, it has been pointed out that the use of only internal quality control (iQC) materials provided by the manufacturers of the diagnostic kits cannot highlight all possible analytical errors (65) because iQC samples in the diagnostic kit are usually ready-to-use and do not require pre-dilution like routine patient samples. In addition, according to van der Bremt et al, the effect of some apparently trivial variables (i.e., the efficiency of the conjugate) is not evident using iQC samples associated with the highest FI values ​​but only with those with FI values ​​around the positivity limit (33). For a more adequate quality assurance, the introduction of additional quality indicators has been proposed, such as the evaluation of the median of the results of the FI of iQC samples obtained from pooled patient sera, and the monitoring of the percentage of ANA IIF positive results in the analytic session (65, 66).

Subsequently, a wider participation in EQA programs will be required to monitor the performance of each CAD system in order to comprehensively address the harmonization of the HEp-2 IIF test (33). In this context, it is important that EQA programs are dedicated to CAD assays or at least evaluated separately from manual methods (Figure 2).




Figure 2 | Steps related to quality control and interpretation of the results using the automated CAD procedure for the determination of ANA in indirect immunofluorescence.



Furthermore, integrating FI based iQC charts into the routine ANA IIF workflow offers a solution to current shortcomings of autoimmune laboratory testing in achieving ISO 15189 accreditation and could bring this branch of autoimmunity closer to other immunometric assays and their well-established rules (64, 65, 67–69). To this end, it is the responsibility of the laboratory autoimmunologist to evaluate and control all the variables that have a potential impact on the total processing of the HEp-2 IIF test (70, 71). In this context, neither pre-analytical variables such as the type and degree of suspected pathology underlying test request, nor analytical (errors in the washing or dispensing of reagents), or post-analytical ones (expression of results and introduction of interpretative notes in the report through the laboratory information system) should be neglected.



Discussion and Future Perspectives

In recent years, technological evolution has allowed the development of solid phase assays (SPA) for the research of ANA, which have proved to be slightly less sensitive but more specific than the HEp-2 IIF method (either manual or automated). In turn, this has led many researchers to propose the association of a SPA method with HEp-2 IIF as the best strategy to increase the diagnostic efficiency of ANA research (72–77). Whatever the choice, whether performed alone or in combination with SPA methods, the HEp-2 IIF method will continue to play a central role in the diagnosis of autoimmune rheumatic diseases. For this reason, efforts to further improve the performance of the HEp-2 IIF method and the test standardization and harmonization process should not be abandoned or slowed down.

The development of more characterized standards and reference materials is the first step towards the standardization of autoantibody tests. Such reference materials should ideally be homogeneous, stable, traceable, switchable, safe, ethically obtained, available and, ideally, certified. A promising and concrete initiative underway by the International Federation of Clinical Chemistry and Laboratory Medicine (IFCC) Committee on Harmonisation of Autoantibody Testing aims at the preparation of serum pools with monospecific samples obtained from an adequate number of donors (78). Numerous variants of the same antibody will be included in the pool to minimize batch-to-batch differences. However, the complexity and variability of antigens, antibodies and analytical methods makes it unlikely that the introduction of antibody standards alone will completely solve all standardization problems. It is more likely that it will represent the beginning of the standardization process of the entire supply chain including not only the antibody but also the antigenic substrate and the analytical method.

It is necessary that the biomedical industry produces a further effort aimed both at expanding the spectrum of patterns that can be identified (for example the dense fine speckled) consistently with those classified by ICAP, and at the recognition of mixed patterns (35, 79). The implementation of the ICAP nomenclature, despite being already widespread, is believed to be only a first step towards the common goal of harmonizing the interpretation of HEp-2 IIF tests. According to a recent survey by Lisa Peterson et al. for US respondents, there is a need for further guidelines, consent documents, control/reference materials to promote the formation of the skills necessary to uniquely report the rarest and complex fluorescence patterns (80).

The electronic setting of each CAD system should be optimized in each operational reality, providing for the possibility of modifying the IF threshold value established by the manufacturer to classify the test as positive or negative, based on the state of efficiency of the individual components of the analytical instrumentation, so that the IF threshold value always corresponds to the titer of 1:80 chosen as the discriminant cutoff.

Finally, assigning the likelihood ratio (LR) value or post-test probability of disease to the HEp-2 IIF test result represents a new reporting approach in the field of ANA testing that can facilitate the clinical interpretation of test results and, by improving the comparability of the results from different analytical methods, contribute to harmonizing autoimmune laboratory reporting (81). The CAD systems, expressing the ANA test results quantitatively as FI values​ make the calculation of the LR easier, especially if the relationship between pre and post-test probability is represented graphically as a function of LR (62, 82).



Conclusions

The standardization/harmonization of ANA tests is far from complete. A closer collaboration is necessary between autoimmunologists and the biomedical industry for the adjustment of diagnostic kits. The standardization process will be greatly accelerated when international standards and independent and certified calibrators are available and disseminated. The objectives are therefore to produce commutable materials that could be used as interim calibration material for autoantibody assays; to evaluate the impact of new reference material on the variability of autoantibody tests; and to identify areas where further harmonization would improve diagnostic accuracy. In this scenario, the international harmonization of diagnostic kits for HEp-2 IIF tests and the correct management of automated CAD systems for reading fluorescence preparations are the key points for the standardization of ANA research in immunofluorescence using HEp-2 cells.
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Analyses for the presence of anti-neutrophil cytoplasmic antibodies (ANCA) are important in the diagnostic work-up of patients with small vessel vasculitis. Since current immuno-assays are predominantly designed for diagnosis of patients with ANCA-associated vasculitis (AAV), implementation in routine clinical practice, internal and external quality control, and harmonization are focused on this particular use. However, ANCA testing may also be relevant for monitoring therapy efficacy and for predicting a clinical relapse in AAV patients, and even for diagnostic purposes in other clinical situations. In the current review, the topics of implementation, quality control, and standardization vs. harmonization are discussed while taking into account the different applications of the ANCA assays in the context of AAV.
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INTRODUCTION

The history of the detection of anti-neutrophil cytoplasmic antibodies (AAV), with hallmark developments, has been described before (1–3). With the exception of the European Medicines Agency (EMEA) classification algorithm for epidemiological studies (4), ANCA are not included yet in the classification criteria for the distinct entities of ANCA-associated vasculitis (AAV), i.e., (eosinophilic) granulomatosis with polyangiitis [(E)GPA] and microscopic polyangiitis (MPA), but it has been recommended for future criteria (5, 6). Moreover, ANCA are included in the Chapel Hill definitions of the vasculitides (7). Altogether, ANCA are well-recognized as a diagnostic biomarker, but the usefulness for follow-up remains a matter of discussion (8–11).

For diagnostic purposes, ANCA screening was originally performed by indirect immunofluorescence (IIF) assays on a substrate of ethanol-fixed neutrophils (12, 13). Positive samples were to be analyzed for reactivity to proteinase 3 (PR3) and myeloperoxidase (MPO) (14). Continuous improvement of the antigen-specific immunoassays has recently proven to be superior in performance as compared to IIF (15). This finding has precipitated in a revised consensus on ANCA testing for the diagnosis of AAV (3, 16). The new consensus states that high-quality immunoassays should be used as the primary screening method for patients suspected of having AAV, without the categorical need for IIF. A second immunoassay should be considered for negative results in patients with a high clinical suspicion (to increase sensitivity) or in case of low antibody levels (to increase specificity). There is no consensus published on how ANCA testing should be performed for monitoring AAV patients, but it seems obvious that the quantitative assay that revealed a positive result at the time of diagnosis is also to be used for follow-up.

Evidently, ANCA testing can be used in different clinical settings. For diagnostic purposes, routine screening may require different test characteristics than situations that demand a test result within 24 h (rapid ANCA test), like clinical manifestations associated with the renal-pulmonary syndrome. In the latter situation there is already a high pre-test probability for AAV (17) and simultaneous detection of anti-GBM antibodies is highly recommended (10). Also the use for screening vs. confirmation, or screening vs. follow-up, may have implications for choosing the most optimal assay. While for rapid testing and/or confirmation a qualitative result may be sufficient, quantitative results will improve the diagnostic value (vide infra) and are essential for follow-up.

This paper summarizes the distinct items to be taken into account for antigen-specific ANCA testing, i.e., MPO- and PR3-ANCA, in routine clinical practice with respect to implementation, quality control, and standardization. These items could be used in further discussions and, eventually, be implemented in recommendations and/or guidelines.



IMPLEMENTATION OF ANCA ASSAYS IN CLINICAL PRACTICE

Since the ANCA test can be applied for different purposes, i.e., routine diagnosis, rapid diagnosis, confirmation, and follow-up, a combination of assays from different suppliers may be most optimal. However, from an health-economic perspective it makes sense to use assays for both MPO- and PR3-ANCA from the same supplier and to use these assays for both diagnostic as well as follow-up purposes. As such, it is most appropriate to use quantitative assays, while keeping in mind that the assays are primarily designed for diagnostic purposes. For diagnosis quantitative ANCA results are important because higher ANCA levels are associated with higher likelihood ratios and, therefore, with increased certainty of the right diagnosis (18, 19). For follow-up it is important to monitor possible decreases in ANCA levels upon therapy, but also to monitor possible increases as potential predictor for an upcoming relapse (10, 11). Obviously, for confirmation a distinct ANCA assay has to be used; also for rapid testing a distinct ANCA assay may be more suitable. Choosing the most suitable ANCA assay is the responsibility of the laboratory specialist, but should be discussed and communicated with the involved clinicians. The eventual choice will depend on the number of tests to be performed, the possibilities for automation, and financial resources, but also on local availability and/or approval by the authorities of the respective assay. Minimal requirements for the distinct applications of the ANCA assays is summarized in Table 1.


Table 1. Minimal requirements for implementation of ANCA assays in clinical practice.
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Data on clinical evaluations of the diagnostic performance of distinct ANCA assays are widely available in the literature. It is a responsibility of the diagnostic industry to establish such studies in collaboration with relevant stakeholders. Authorative bodies, like the Food and Drug Administration (FDA), often require adequate study results before an assay is allowed to enter the market, but these data are most often not available to the community. In light of the in vitro diagnostics regulation (IVD-R; EU IVDR 2017/746) the sharing of study results will be an obligation for the diagnostic industry as of 2022 onward within the European Community (20). For clinical evaluation, however, it is important to keep in mind the intended use of the test and to evaluate the test accordingly for both MPO- and PR3-ANCA. For diagnostic purposes diagnostic samples, but not follow-up samples, and relevant disease controls are to be included. Analysis of a large cohort of apparently healthy controls, as required by the FDA, is of limited value for clinical practice, because the assays should not be used for population screenings. For rapid testing only samples from patients presenting with a pulmonary-renal syndrome, including rapidly progressive glomerulonephritis and/or alveolar hemorrhage, are relevant for analysis. Clinical evaluation of a confirmation assay is even more challenging because such evaluation depends on the choice of the screening assay; it is the algorithm that should be evaluated, not the overall diagnostic performance of the confirmation assay. For follow-up of AAV patients, the antigen-specific ANCA assay that was positive at the time of diagnosis is preferentially used; like for diagnostic approaches, the added value of simultaneously measuring an ANCA IIF titer is limited. It is important, however, to determine a clinically relevant decrease and/or increase and this is, among other items, dependent on inter- and intra-assay variability and, therefore, may differ for low, medium and high ANCA levels. In addition, it should be taken into account that quantification of ANCA levels may be hampered by the lack of linearity of many ANCA assays due to the heterogeneous nature of the measurant, i.e., the composition of low, medium and high affinity antibodies. If the measuring range of the assay is limited, one or more dilutions have to be analyzed to obtain a final quantitative result. Upon dilution the low affinity antibodies will increasingly take part in the equilibrium between free and antigen-bound antibodies and, as such, in the test result. Unfortunately, there is no consensus on the dilution steps to be used and the kit inserts do not give clear instructions on this issue, but it is evident that reliable interpretation of results in follow-up samples requires that the samples preferentially have been analyzed in the same dilution and in the same run. For prediction of relapses in AAV patients with PR3-ANCA a clinically relevant increase of 50–200% has been defined by receiver operating curve (ROC) characteristics for distinct ANCA assays (21–23). For patients with MPO-ANCA such data are not available.

Beside clinical evaluation, laboratory evaluation is an important step in the implementation of appropriate ANCA assays. This is the responsibility of the laboratory specialist and is dictated by accreditation bodies in documents like ISO 15189 (24). However, the requirements are primarily based on assays used in clinical chemistry and are ill-defined for autoantibody testing (25). Recently, a European hand-out on accreditation for laboratories involved in autoantibody testing has been formulated by the European Autoimmunity Standardization Initiative (EASI) (26). The hand-out is primarily focused on commercially available assays for clinical purposes. For in-house assays there exist detailed protocols (13, 27), but they require a more extended validation, which is beyond the scope of the current paper. Important items for the laboratory evaluation are reproducibility (intra- and inter-assay variability), carry-over in analyzers, and linearity (vide supra). Data on reproducibility of distinct methods for autoantibody detection, including ANCA, have been recently published (28). In this French EASI study, based on data obtained from French laboratories, the coefficient of variation (CV) is reported as the lowest CV value that is reached by 90% (CV90) and 50% (CV50) of the participating laboratories. The intra-run CV90 is about 10% for low, medium and high ANCA levels; the inter-run CV90 is about 15%. Similar results are reported for both MPO- and PR3-ANCA. Overall, chemiluminescent immuno-assays (CLIA) perform better than enzyme-linked immuno-sorbent assays (ELISA), but this may not apply for all CLIA and ELISA. Knowing the CV values of the assays is relevant in the diagnostic setting, in particular for test results close to the upper limit of normal. As a consequence, low ANCA levels have a relatively low likelihood ratio and, hence, require confirmation by an alternative assay (3). As already mentioned, CV values are also important for appropriate interpretation of changes in ANCA levels during follow up of patients with AAV.

Finally, in order to evaluate the clinical and laboratory performance of an ANCA assay to be implemented in clinical practice, sufficient samples with relevant clinical information should be available. For many laboratories this is a challenge because AAV is a relatively rare disease and for rare diseases it takes time to prospectively collect sufficient samples for the clinical purpose the assay is to be evaluated. Long-term storage capacity, therefore, is detrimental for clinical laboratories involved in autoantibody testing. Storage should not be restricted to positive samples, because negative samples of AAV patients are important to examine sensitivity, while the negative samples will most often represent relevant disease controls. A multi-center approach can facilitate acquisition of sufficient patient samples as effectuated for clinical evaluation (15), but can also be extended for the laboratory evaluation. Indeed, a Dutch initiative enables the laboratory evaluation according to ISO 15189 in a multi-center approach (29). Data obtained in the latter evaluation do not completely safeguard from a local evaluation, but this can be rather limited. If a laboratory even has insufficient samples available for such limited local evaluation, it should be questioned if the respective laboratory will maintain sufficient expertise in running the test and in interpreting the result. It is not the mere availability of an analyzer that should trigger the implementation of ANCA testing, but the more the expertise of the laboratory specialist involved in the interpretation of the results in the clinical context of the patient. The number of tests performed in a defined span of time to keep up sufficient expertise, however, has not been defined, but eventually may be addressed in accreditation processes.



QUALITY CONTROL

Since the results, both qualitative as well as quantitative, of ANCA tests are important in the diagnosis and follow-up of AAV patients, it is detrimental to monitor the quality of the reagents and assay performance. This demands for control at multiple levels, i.e., control of reagents at the time of arrival in the laboratory, internal quality control (IQC) and external quality control (EQC). Optimal quality control depends on the number of requests per time span. Laboratories with low numbers of requests not only will experience a problem with the laboratory evaluation at the time of implementation of the ANCA assay, but also will have an inefficient ratio between workload for patient care and quality control. Quality control guidelines were first formulated in the addendum to the 1999 international consensus statement on testing and reporting of ANCA (30). At that time clinical laboratories were more often using in-house assays, the IIF test on ethanol-fixed neutrophils still was the first choice for ANCA screening, and antigen-specific assays for detection of MPO- and PR3-ANCA were limited to ELISA. Nowadays, the revised consensus on ANCA testing prescribes to use antigen-specific assays for screening for which multiple distinct assay-types are available (3). Moreover, the initially formulated quality control guidelines are currently integrated in the documents for accreditation (24). Therefore, quality control of ANCA assays is not different from quality control of other autoantibody assays.

The quality of the reagents is primarily to be checked by the supplier of the assay upon production of a new lot of the respective reagent. However, the extent of this control can differ between diagnostic companies and the results are not extensively communicated upon distribution of the reagents. Therefore, it is mandatory to check the reagents of a specified lot before usage in clinical practice. This can be achieved by measuring a number of samples with a pre-defined target value. Evidently, this approach is based on the assumption that intra-lot quality is rather constant as it is impossible to test, for instance, all wells of an ELISA-plate. Multiplex assays, like addressable laser bead immunoassays (ALBIA) or line-immunoassays (LIA), on the other hand, may have an internal control in each single assay, but this, obviously, does not control for all reagents. Laboratories with a high number of ANCA requests may even be enabled to check several lot numbers before final acquisition, but this option is most often not available for laboratories with a relatively low number of requests. Besides errors in the production process, the quality of the reagents may also be affected during storage and subsequent transport to the clinical laboratory. This implies that not only subsequent lots have to undergo quality control upon arrival, but this also holds for separate deliveries of the same lot. Overall, the entry control of reagents, as prescribed for the ISO 15189 accreditation (24), benefits from ordering relatively large batches of the same lot, while keeping in mind the limited shelf-life of the reagents.

Most immunoassays contain a control to be used for IQC. If the result of this kit-control is within the limits as provided by the diagnostic company, the patient results obtained in the respective analysis can be approved and reported to the clinicians. It is questionable if a single kit-control is sufficient: the limits provided in the insert of the assay are rather broad, the kit-control most often is pre-diluted and stabilized, both resulting in a different matrix, and the control may not represent the complete analytical process. Furthermore, if the kit-control is integrated in a certain lot, it is not possible to identify lot-to-lot variation. Evidently, additional controls are mandatory in combination with more stringent acceptance rules. Besides, or possibly instead of, kit-controls, kit-independent controls, either derived commercially or home-made, should be included (30), preferentially to be used in the same dilution as patient material and by taking into account long-term stability. Replacement of the kit-control by an independent control, however, implies a modification of the assay and requires additional validation efforts according to the IVD-R (20, 26). In addition, distinct controls for multiple ANCA levels will enable to identify errors in different areas of the measuring range. In particular controls close to the cut-off or to the boundaries of test-result intervals may be of added value for IQC. Results of internal controls should be plotted serially into quality control charts and managed according to the Westgard rules by taking into account the CV values of the assay (28, 31). Actions to be undertaken upon aberrations should be pre-defined in the quality assurance documentation of the laboratory. Finally, before implementation of a new batch of control material a number of measurements is required to determine the target and CV value. In addition to IQC based on control samples, alternative data analyses enable to monitor the consistency in quality of ANCA assays. First, patient results can be retrospectively analyzed on the bases of percentage positive results within a predefined time-span. Depending on the chosen time-span and the number of ANCA requests this can be further fine-tuned for low-, medium-, and high-positive results. Changes over time may indicate a problem with the assay, but could also be due to, for instance, changes in requesting behavior or seasonal difference in relation to AAV. Another retrospective approach could be to randomly check if the final diagnosis is in line with the ANCA result, but for this approach one has to be aware that the ANCA results may be used to assign or reject the diagnosis of AAV. If aberrations are observed in such retrospective IQC, it is the responsibility of the laboratory specialist to inform the clinicians involved.

There exist multiple (inter)national organizations that facilitate EQC or proficiency testing. In some countries, there is a difference between EQC, which is performed on a voluntary basis, and proficiency testing, which is obligatory and involves restrictive measures (26). Participation in EQC, however, is mandatory for all parameters that are within the scope of ISO 15189 accreditation (20). Again, it is the responsibility of the laboratory specialist to choose an appropriate program reflecting the distinct ANCA assays offered in the clinical laboratory. There are substantial differences between the EQC programs with respect to how samples are selected and prepared, the number of samples that is being distributed, and the way the reported data are being analyzed. The primary objective of EQC programs is to evaluate if participating laboratories obtain the “right” results while using the standard procedures that are also used in routine clinical practice. This requires that EQC samples resemble patient samples. Since it is increasingly a challenge to obtain sufficient volumes of EQC samples, samples may be pooled, diluted, or derived from plasmapheresis material. This may introduce artifacts that become apparent in some assays, but not in others. However, such artifacts would never occur in a patient sample. Furthermore, in terms of autoantibody testing, the definition of a “right” result is difficult, in particular in defining a quantitative target value. Such target value might be defined by one or more reference laboratories, preferentially using different methods. However, often the consensus obtained by the participants is chosen as target value. In the latter case there is a bias toward the assay that is most prevalent in the participating laboratories. Since standardization is lacking in autoantibody assays (see next section), target values should be defined for each distinct assay and even cannot be generalized for, for instance, ELISA or CLIA. A second objective of an EQC program could be to increase awareness of differences between assays used in clinical practice. For instance, some assays for PR3-ANCA are more sensitive for ANCA present in patients with ulcerative colitis (32, 33). Such differences might be related to the cut-off chosen by the manufacturer or the way the autoantigen is processed. Knowledge of such advantages and/or limitations is important in the discussion with clinicians about possible discrepancies between the laboratory results and observed clinical manifestations (34, 35). Since there is an evident bias in the selection of samples for EQC (samples do not adequately represent the full spectrum of AAV patients), one should be very restricted in evaluating EQC data in terms of assay performance and testing algorithms (36, 37).



STANDARDIZATION VS. HARMONIZATION

The perspective on standardization and harmonization of autoantibody assays has recently been extensively reviewed (35). The major conclusions are that standardization is a major challenge and has not yet been achieved, neither for ANCA assays, nor for autoantibody assays in general. Harmonization, on the other hand, may offer an alternative approach to better align requesting, testing, reporting and interpretation of autoimmune diagnostics.

Standardization is defined as “implementation of a standard preparation in order to maximize compatibility of test results, eventually resulting in uniformity of results”. For both MPO- and PR3-ANCA two distinct international standard preparations are available. First, the Autoantibody Standardizing Committee (ASC), a subcommittee of the International Union of Immunological Societies (IUIS) quality assessment and standardization committee has prepared standards for MPO- and PR3-ANCA (38). Both standards were assigned a value of 100 IU. Although several diagnostic companies have used these standards for calibration of their ANCA assays, this has not resulted in uniformity of results (39). Next, standards for MPO- and PR3-ANCA were prepared by the Institute for Reference Materials and Methods (IRMM), in collaboration with the Working Group Harmonization of Autoantibody Tests (WG-HAT) of the International Federation of Clinical Chemistry and Laboratory Medicine (IFCC) (40, 41). Although it was anticipated that these standards were better because of being commutable, the results were equally disappointing (42). The explanation for not achieving uniform results by the implementation of these standards, most likely is the heterogeneity of the measurant. Indeed, it can be anticipated that for each patient the composition of the autoantibodies will be different in terms of epitope recognition, affinity, isotype/subclass and glycosylation. This is elegantly illustrated for autoantibodies to dsDNA by Mummert et al. (43), and obviously also holds for MPO- and PR3-ANCA. Therefore, the source of the autoantigen, the way the autoantigen is presented in the immunoassay, and the composition of the conjugate are critical parameters for taking into account if standardization is to be achieved (35).

There is a split in the community between professionals that consider standardization achievable, vs. professionals that think standardization to be rather impossible. This issue is further complicated because the term standardization is often used where it actually involves harmonization, which is defined as “the adjustment of differences and/or inconsistencies among different measurements, methods, and procedures to make them uniform or mutually compatible.” In general this is achieved by consensus and is consolidated in recommendations and/or guidelines. For ANCA testing in the diagnostic setting harmonization starts at the requesting behavior (Table 2). For this purpose, both the 1999 and the 2017 international consensus on ANCA testing have defined the clinical manifestations associated with AAV that warrant an ANCA request (3, 14). Several studies have confirmed that this gating strategy results in a strong reduction of false-positive results without affecting the diagnosis of a true AAV patient (44–46). The second step in harmonization involves the type of test that is performed and the testing algorithm that is executed. According to the revised consensus, screening for ANCA is to be performed by high-quality assays for both MPO- as well as PR3-ANCA. Patients should be retested (preferentially with another antigen-specific solid-phase assay, or with IIF) only in case of a high clinical suspicion to increase sensitivity or a low-positive test result to increase specificity (3). IIF may be of added value in vasculitis cases for which other ANCA-specificities, like elastase-ANCA in drug-induced vasculitis, are suspected. Although the revised consensus originally only involved GPA and MPA, more recently consensus has been reached that for EGPA the same approach should be used (16). The third step in harmonization is the way test results are reported to the clinician. Traditionally, quantitative results are reported in combination with a single cut-off value that defines the result as negative or positive. Eventually, a gray-zone is introduced with a lower- and upper-limit of normal for which results are considered equivocal. As already mentioned, higher ANCA levels are associated with higher likelihood ratios and, therefore, with increased certainty of the right diagnosis. Indeed, the added value of a positive results for MPO- and PR3-ANCA improves with increasing levels of the autoantibodies (3, 15). Therefore, reporting results based on multiple cut-off values that identify negative, low positive, medium positive, and high positive results will further benefit the interpretation of the test result. With respect to harmonization, the multicenter study that was the basis of the revised consensus, interestingly, revealed that if results were reported in terms of likelihood ratios for test result intervals that were defined by pre-set levels of specificity, the likelihood ratios were very similar for the different assays included in the study (18). The level of harmonization that can be achieved by this approach is very promising and even resulted in a position paper, signed by relevant stakeholders in ANCA testing, that proposes to employ test result-specific likelihood ratios to align test result interpretation across assays and manufacturers and to convey clinical information intrinsic to the antibody level (19). Reporting test results as likelihood ratio will greatly facilitate interpretation of the results in the context of the clinical presentations of the patients, since there is a clear relationship, as defined by the Bayes theorem, between pre-test probability, likelihood ratio and post-test probability (47).


Table 2. Distinct levels of harmonization in ANCA testing for the diagnosis of AAV.
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While reporting test results as likelihood ratios is a major step forward in harmonization of ANCA testing at the time of diagnosis, this does not apply for follow-up of patients with a definite diagnosis of AAV. Likelihood ratios defined for diagnosis are not to be confused with likelihood ratios required for showing efficacy of therapy or predicting a clinical relapse. Actually, likelihood ratios for follow-up of AAV patients are, if at all, only poorly defined. Hence, for follow-up there is no consensus with respect to ANCA testing. Due to the lack of standardization, however, it is evident that the same immunoassay is used, that quantitative results are reported and that the end-point level is measured while taking into account the non-linearity of most assays upon serum dilution. Finally, the report should define whether the change in ANCA level is relevant, for instance in respect to the risk of a clinical relapse as defined during the validation of the assay.



CONCLUSIONS

Since the discovery that ANCA are associated with different entities of small vessel vasculitis, many improvements have been made in the overall quality of an ANCA result. This is due to technical improvements in the antigen-specific immunoassays, the regulations to be followed by both the diagnostic industry as well as the laboratories, but also the achievements made in terms of harmonization. It is evident that appropriate development, implementation and routine use of ANCA diagnostics requires collaboration between the diagnostic industry, laboratory specialists, clinicians, and, due to increasing ethical demands, also the patients and/or patient organizations. Interpretation of test results, in particular if reported as likelihood ratios, will be further facilitated if pre-test probabilities of distinct (combinations of) clinical manifestations are becoming readily available. Ideally, such information could be entered in the laboratory information system resulting in automatic calculation of the post-test probability based on the quantitative test result obtained. Currently, a large prospective multi-center study is ongoing that is intended to confirm the current international consensus on ANCA testing, but will also enable to strengthen the idea of harmonization by reporting in likelihood ratios. The reliability of the test result, obviously, is essential and requires implementation of high-quality ANCA assays and continuous monitoring of assay quality by IQC and EQC. In particular demands for appropriate IQC should be further defined by organizations involved in accreditation of clinical laboratories (25, 26). The use of assay-independent controls at 2–3 levels might become mandatory.

The improvements made are primarily focused on the added value of ANCA testing in the diagnosis of AAV patients. ANCA tests, however, are also used for follow-up of AAV patients and even beyond systemic vasculitis (48, 49). Obviously, for these situations there are specific demands that need to be further specified. In particular for follow-up ANCA testing in AAV patients in order to predict a clinical relapse there are multiple open issues: is it possible at all, for which patients this applies best (cf, MPO- vs. PR3-ANCA; limited vs. generalized AAV; primary small vessel vasculitis vs. drug-induced vasculitis), how is an ANCA-rise defined, which type of assay is to be used, do we need alternative IQC and EQC, and is harmonization feasible for this purpose. To answer these questions, well-designed, prospective multi-center studies are needed that also take into account novel immune-assays and therapeutic strategies, like B-cell depletion and complement inhibition. Unfortunately, there are no initiatives yet to organize such kind of study. For follow-up, currently, it is most important to use the same quantitative assay and to not confuse likelihood ratios defined for diagnostic purposes with those for predicting clinical outcome. Optimally, follow-up samples are analyzed together with the previous sample in the same dilution and the same run. Although this is evidently more expensive, it will provide a more accurate comparison that may prevent additional health-care costs and unnecessary stress in the patient. Hopefully, the next decade will enable to come to a consensus on ANCA testing beyond the diagnostic work-up of AAV patients.
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This study discusses substantive advances in T cell proliferation analysis, with the aim to provoke a re-evaluation of the generally-held view that Ki-67 is a reliable proliferation marker per se, and to offer a more sensitive and effective method for T cell cycle analysis, with informative examples in mouse and human settings. We summarize recent experimental work from our labs showing that, by Ki-67/DNA dual staining and refined flow cytometric methods, we were able to identify T cells in the S-G2/M phases of the cell-cycle in the peripheral blood (collectively termed “T Double S” for T cells in S-phase in Sanguine: in short “TDS” cells). Without our refinement, such cells may be excluded from conventional lymphocyte analyses. Specifically, we analyzed clonal expansion of antigen-specific CD8 T cells in vaccinated mice, and demonstrated the potential of TDS cells to reflect immune dynamics in human blood samples from healthy donors, and patients with type 1 diabetes, infectious mononucleosis, and COVID-19. The Ki-67/DNA dual staining, or TDS assay, provides a reliable approach by which human peripheral blood can be used to reflect the dynamics of human lymphocytes, rather than providing mere steady-state phenotypic snapshots. The method does not require highly sophisticated “-omics” capabilities, so it should be widely-applicable to health care in diverse settings. Furthermore, our results argue that the TDS assay can provide a window on immune dynamics in extra-lymphoid tissues, a long-sought potential of peripheral blood monitoring, for example in relation to organ-specific autoimmune diseases and infections, and cancer immunotherapy.
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Introduction

Quantitation of Ki-67, a nuclear protein associated with cell cycle, is currently among the top-ranked methods to evaluate T cell proliferation, especially in human samples ex vivo. Readily detectable levels of Ki-67 mRNA and protein are present during the four cell cycle phases (i.e., G1, S, G2, M) and are down-regulated when cells exit cell cycle and enter into quiescence (i.e., the G0 phase) (1). Originally named after the first monoclonal antibody (mAb) used to identify it (2), Ki-67 protein can now be stained with a series of mAbs with different sensitivities and epitope-specificities, including some mAbs that can detect extremely low levels of the protein, even in quiescent cells (3–6). From a functional standpoint, Ki-67 supports chromosome architecture organization and nucleolar assembly upon mitosis (7, 8); helps remove cytoplasm from the reassembling nucleus during mitotic exit (9); and regulates heterochromatin compaction and gene expression in proliferating cells (10). This notwithstanding, mutant mice with disrupted Ki-67 expression are vital and fertile, grow normally, and do not show abnormalities in highly proliferative tissues, such as the intestinal epithelium (10).

Given these considerations, it is evident that the very frequent use of Ki-67 as a proliferation marker is mistaken: rather, Ki-67 discriminates between cells having detectable Ki-67 expression (Ki-67+) in any phase of cell cycle (i.e., G1, S, G2, M), and cells lacking it (Ki-67-) in the quiescent state G0. Notably, the G1 phase can be considered a cell cycle hub of highly variable duration. Thus, a Ki-67+ cell in G1 can derive either from cell cycle entry of a cell that was previously in G0, or a mitotic event that generates two daughter cells that sustain in G1. Indeed, an often-neglected notion is that the subsequent fate of a Ki-67+ cell in G1 can be any one of the following: i) to remain in G1 for a long time; ii) to rapidly proceed into S-G2/M; iii) to move into G0, going out of cell cycle.

Adding a layer of complexity, Ki-67 levels in G1 and G0 also depend on the time a cell has spent in that phase, as the protein is degraded continuously during G1 and G0, while it accumulates in S, G2, M (6). Some critical issues related to Ki-67 protein half-life emerged from a series of elegant studies addressing mouse B and T cell proliferation dynamics by in vivo experiments plus mathematical modeling (11–14). In some of these studies, Ki-67 staining was used in combination with other methods, including mouse treatment with bromodeoxyuridine (BrdU), a thymidine analogue which is incorporated into DNA during S-phase, and adoptive transfer of T cells labeled with carboxyfluorescein succinimidyl ester (CFSE), a fluorescent dye that is equally distributed between daughter cells upon division (11, 12). It was observed that Ki-67 level of expression by Ki-67+ cells may vary depending on cell division history. Thus, Ki-67 expression by CFSE-labeled T cells transferred in lymphopenic mice was extremely high in cells that had undergone many rounds of divisions, and low in recently divided cells whose proliferation was inhibited by adoptive transfer of large numbers of competing T cells (11). The possibility that Ki-67 expression could reflect a recent post-mitotic state was reinforced by BrdU pulse-chase data, showing that BrdU-labeled CD4 TEM and TCM cells were still Ki-67+ 4 days after BrdU-treatment withdrawal (12). Furthermore, it was highlighted that Ki-67 expression by a differentiated T or B cell could derive from Ki-67 protein inheritance following cell division at a previous developmental stage, rather than reflect proliferation of the Ki-67+ cell itself (13, 14). In short, evaluation of Ki-67 as a single marker to define a proliferative state incurs risk of misinterpretation.

In this article, we will discuss how these considerations are brought into focus by recent findings on proliferating T cells in the peripheral blood of healthy subjects and those with diseases (15, 16), including COVID-19 (17). We will briefly describe how a highly sensitive and effective flow cytometric method based on Ki-67/DNA dual staining, the TDS assay, provided a practical and reliable approach to distinguish between T cells in G1 and those in S-G2/M phases of cell cycle (15–17). Finally, we will advocate incorporating the TDS assay into routine immuno-monitoring.



Ki-67/DNA Dual Staining of T Cells

Refined kinetics studies on T cell clonal expansion after vaccination in a mouse model showed that antigen-specific CD8 T cells from blood contained on average 8-fold more cells in S-G2/M at day 3 versus day 7 post-boost, even though both the percentage of Ki-67+ cells and the antigen-specific CD8 T cell frequency were much higher at day 7 (Supplemental Table 1A, and (15)). These results suggested that the peak of actively cycling cells anticipates by a few days the peak of Ki-67+ cells at day 7, which might reflect entry of cells into a prolonged G1 phase after a recent mitosis and/or cell mobilization into the blood. By contrast, only a small proportion of total CD8 T cells from control untreated mice were in G1, and very few were in S-G2/M at any time point (Supplemental Table 1A).

In these experiments, the limitations of using Ki-67 as a single marker were overcome by a flow cytometric method based on dual staining of Ki-67 and DNA, that allows a clear distinction of cells in G0 (Ki67-/DNA2n), from those in G1 (Ki67+/DNA2n), and from those in S-G2/M (Ki67+/2n<DNA ≤ 4n), as previously demonstrated by studies of bone marrow Hematopoietic Stem Cells (HSC) (18). When adapting this protocol to ex vivo analysis of antigen-specific T cells of mouse spleen, lymph nodes (LN) and blood, an unconventional strategy for data analysis was employed that included events with high Forward (FSC) and Side Scatter (SSC) (15). Such events are commonly discarded when examining lymphocytes in freshly obtained heterogeneous tissue samples, in order to exclude cell aggregates and myeloid cells that are typically more auto-fluorescent than lymphocytes.

In the mouse vaccination study, the unconventional combination of a DNA-Area/DNA-Width criterion, that is normally used in HSC cell cycle studies to exclude cell aggregates and debris (19), with a “relaxed” lymphocyte gate for FSC and SSC, allowed the ready detection of T cells in the S-G2/M phases of the cell cycle that might have been missed with a standard gating strategy, and offered enhanced sensitivity in measuring cells in G1 (15). Indeed, comparison of mouse LN data obtained applying either the conventional lymphocyte gate excluding cells with high FSC and SSC, or the “relaxed” gate that included cells with high FSC and SSC, revealed that at day 3 post-boost the conventional gate under-estimated antigen-specific CD8 T cell frequency and the Ki-67+ proportion among antigen-specific CD8 T cells by an average of 6-fold, and 3-fold, respectively (15). These results suggest that the current criteria of analysis of ex vivo mouse samples are appropriate for resting T cells, but are not optimal for activated T cells, e.g. those cycling during early phases of an immune response to vaccination.



Validation by Image Flow Cytometry

The prospect that antigen-responding T cells proceeding into cell cycle share with blast cells traits including increasing size and modifications of internal organelles has been validated by image flow cytometry analysis of a TCR transgenic mouse CD8 T cell population following stimulation with its cognate antigen in vitro (16). In these studies, the combination of flow cytometry and microscopy permitted visualization and quantitative multi-parameter characterization of T cells in different phases of the cell cycle, as identified by Ki-67/DNA dual staining: thus antigen-induced T cell cycle progression corresponded to quantitative increases in SSC, nuclear size (DNA area), cell size (brightfield area), and uptake of a mitochondrial marker (16).

Notably, T cells with such features of cycling blast cells were identified in the peripheral blood of some healthy donors (HD), without any in vitro stimulation (16). In this context, Ki-67 staining resolved an unexpected technical issue, i.e. the presence of a few cell aggregates (about 0.3% of the CD8 T cells) that could not be eliminated based on the DNA-only criterion and which appeared as Ki-67- events having 4n DNA content. Visualization of these events by image flow cytometry analysis showed that they were doublets formed by one cell sitting almost on top of another cell, thereby appearing like a shadow (“shadow” doublets) (16). This type of potential artifact involving only a tiny cell fraction had been previously reported, and solved by microscopy-based high content screening (20). The Ki-67/DNA dual staining offered the option to exclude “shadow” doublets by flow cytometry, i.e. by gating out Ki67-/4n DNA events (16).



The TDS Assay for Refined Immuno-Monitoring

Following the technical resolution of “shadow” doublets, we could consistently apply flow cytometry to detect and quantitate in HD blood T cells in the S-G2/M phases of cell cycle, collectively called “T Double S” for T cells in S-phase in Sanguine, in short TDS (16). Indeed, TDS were clearly evident in Treg cells Fraction II (CD4+ FoxP3high CD45RA- T cells) from HD, being on average 0.82%, and suggesting ongoing immune regulation. TDS were rare among conventional T cell memory subsets, and more frequently represented in CD4 and CD8 TEM cells. In contrast, TDS were almost completely absent among γδ T cells (16). A typical example of flow cytometry data demonstrating TDS enrichment in CD8 TEM cells is represented in Figure 1, that shows general gating strategy (panel A), identification of naïve/memory CD8 T cell subsets (panel B), and cell cycle analysis for each subset (panel C).




Figure 1 | Example of CD8 T cell naïve/memory subset analysis by TDS assay. HD PBMCs were stained with the viability dye eFluor 780 (eF780), the DNA dye Hoechst-33342, and fluorochrome conjugated mAbs against surface markers and Ki-67, as described (16). An example of flow cytometry analysis is shown. (A) Gating of viable single CD8 T cells in 6 steps: 1) DNA-A/-W singlets. Single cells having 2n≤ DNA content ≤4n were selected on the DNA-area (A) versus (vs) DNA-width (W) plot; 2) Time exclusion. Stable acquisition over time (seconds) was monitored on the time vs DNA-A plot and any events collected in case of pressure fluctuations were excluded; 3) Viable cells, no “dump”. Cells expressing CD4, CD14 and CD19, and dead cells were excluded; 4) FSC-A/SSC-A “relaxed” gate. A “relaxed” gate was used on the FSC-A vs SSC-A plot, to include highly activated and cycling lymphocytes (15); 5) CD8 T cells. CD8 T cells were gated on the CD3 versus CD8 plot; 6) Refined singlets. A few remaining doublets composed by one cell sitting on top of another (so-called shadow doublets) were excluded as Ki-67int/- events having > 2n DNA content (16). This gating strategy was used as a base for the subsequent gates. (B) The following naïve/memory subsets of CD8 T cells were identified: CD45RA+ CCR7+ Naïve, CD45RA- CCR7+ central memory (CM), CD45RA- CCR7- effector memory (EM), and CD45RA+ CCR7- (EMRA). (C) Cell cycle phases of each naïve/memory CD8 T cell subset were defined on DNA-A vs Ki67-A plot as follows: cells in G0 were identified as DNA 2n/Ki67- (bottom left quadrant); cells in G1 as DNA 2n/Ki67+ (upper left quadrant); cells in S-G2/M (or TDS cells) as DNA>2n/Ki67+ (top right quadrant). Unpublished data in relation to (16).



These results prompted further investigation in human diseases employing Ki-67/DNA dual staining and flow cytometric analysis: the TDS assay. In Infectious Mononucleosis (IM), the clinical manifestation of primary EBV infection, CD8 T cells specific for a single EBV immunodominant epitope contained up to 80% of cells in G1 and up to 20% of TDS cells, whereas corresponding cells in healthy EBV carriers contained about 5% of cells in G1 and 0% TDS. In fact, TDS performed better than the frequency of EBV-specific CD8 T cells for discriminating IM patients from healthy EBV carriers (16).

In Type 1 Diabetes (T1D), the TDS assay was applied to CD8 T cells specific for antigens of Islets of Langerhans, the target organ of the pathogenic autoimmune attack. An evident difference in TDS representation emerged between patients and HD, that was quantitated as follows: considering 0.248% TDS (i.e. HD mean + 3xSD) as a threshold, individuals with TDS percentage values above this ()  comprised about half of the T1D cohort, and were absent among HD (16). The two subsets of T1D patients —  and   — showed significantly different TDS representation among islet-specific CD8 T cells but not among anti-viral CD8 T cells (16) or total CD8 T cells (Supplemental Table 1B). A prominent rise in islet-specific CD8 TDS cells (>3%) was associated with an aggressive effector phenotype of the islet-specific CD8 T cells in the blood. Thus, TDS measurement may have immediate clinical utility offering extra insight into the progression of a disease which can be challenging to track by other means (16).

Finally, the TDS assay was used in an immune monitoring study (“COVID-IP”) of hospital-treated COVID-19 patients (17). Among the key traits of a consensus COVID-19 immune signature identified by the study was a dysregulated T cell response characterized by concurrent cytopenia, activation, proliferation, and exhaustion. The TDS assay documented that patients with a severe disease progression had a higher percentage of cells in G1 and of TDS cells among CD4 and CD8 TEM cells, as compared with HD. γδ T cells in G1 were similarly increased but those cells were not associated with increases of cells in S-G2/M. All such changes were less evident in patients with a moderate disease evolution, with a significant difference between the two patient groups (Supplemental Table 1C). Hence, in this setting too, the ready quantitation of T cells in G1 and TDS cells could contribute to patient discrimination. Lastly, blood T cell analysis by Ki-67/DNA dual staining helped to identify critical immunological traits of COVID-19 patients with either solid or haematological cancers versustheir non-COVID counterparts, further confirming the great utility of the TDS assay in immunomonitoring (21).



Concluding Remarks

In sum, the value of Ki-67 as an informative marker of cell cycle status can be greatly enhanced by its use in combination with a DNA stain, as described in the TDS assay. The routine flow cytometry application of this might usefully be used to better understand T cell biology, to monitor responses to vaccination and treatment, and to gain early warnings of spontaneous disease exacerbation or remission. The possibility of using more sophisticated approaches, based upon multilaser excitation of molecules such as CSFE for counting cell divisions, or fluorochrome-conjugated antibodies recognizing cyclins differentially expressed during the cell cycle (22) or even mass cytometry (23) may soon permit a better understanding of, and hence better deployment of, Ki-67 in tracking and studying cell cycling as a key component of immune regulation.
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A Corrigendum on 


To Ki or Not to Ki: Re-Evaluating the Use and Potentials of Ki-67 for T Cell Analysis By Di Rosa F, Cossarizza A and Hayday AC (2021). Front. Immunol. 12:653974. doi: 10.3389/fimmu.2021.653974. 


In the original article, there was a mistake in the legend for Figure 1 as published. On the Viable cells, no “dump” gate, “CD16” was written instead of “CD19”. The correct legend appears below.




Figure 1 | Example of CD8 T cell naïve/memory subset analysis by TDS assay. HD PBMCs were stained with the viability dye eFluor 780 (eF780), the DNA dye Hoechst-33342, and fluorochrome conjugated mAbs against surface markers and Ki-67, as described (16). An example of flow cytometry analysis is shown. (A) Gating of viable single CD8 T cells in 6 steps: 1) DNA-A/-W singlets. Single cells having 2n≤ DNA content ≤4n were selected on the DNA-area (A) versus (vs) DNA-width (W) plot; 2) Time exclusion. Stable acquisition over time (seconds) was monitored on the time vs DNA-A plot and any events collected in case of pressure fluctuations were excluded; 3) Viable cells, no “dump”. Cells expressing CD4, CD14 and CD19, and dead cells were excluded; 4) FSC A/SSC-A “relaxed” gate. A “relaxed gate was used on the FSC-A vs SSC-A plot, to include highly activated and cycling lymphocytes (15); 5) CD8 T cells. CD8 T cells were gated on the CD3 versus CD8 plot; 6) Refined singlets. A few remaining doublets composed by one cell sitting on top of another (so called “shadow” doublets) were excluded as Ki-67int/- events having > 2n DNA content (16). This gating strategy was used as a base for the subsequent gates. (B) The following naïve/memory subsets of CD8 T cells were identified: CD45RA+ CCR + Naïve, CD45RA- CCR7+ central memory (CM), CD45RA- CCR7- effector memory (EM), and CD45RA+ CCR7- (EMRA). (C) Cell cycle phases of each naïve/memory CD8 T cell subset were defined on DNA-A vs Ki67-A plot as follows: cells in G0 were identified as DNA 2n/Ki67- (bottom left quadrant); cells in G1 as DNA 2n/Ki67+ (upper left quadrant); cells in S-G2/M (or TDS cells) as DNA>2n/Ki67+ (top right quadrant). Unpublished data in relation to (16).



“HD PBMCs were stained with the viability dye eFluor 780 (eF780), the DNA dye Hoechst-33342, and fluorochrome conjugated mAbs against surface markers and Ki-67, as described (16). An example of flow cytometry analysis is shown. (A) Gating of viable single CD8 T cells in 6 steps: 1) DNA-A/-W singlets. Single cells having 2n≤ DNA content ≤4n were selected on the DNA-area (A) versus (vs) DNA-width (W) plot; 2) Time exclusion. Stable acquisition over time (seconds) was monitored on the time vs DNA-A plot and any events collected in case of pressure fluctuations were excluded; 3) Viable cells, no “dump”. Cells expressing CD4, CD14 and CD19, and dead cells were excluded; 4) FSC-A/SSC-A “relaxed” gate. A “relaxed” gate was used on the FSC-A vs SSC-A plot, to include highly activated and cycling lymphocytes (15); 5) CD8 T cells. CD8 T cells were gated on the CD3 versus CD8 plot; 6) Refined singlets. A few remaining doublets composed by one cell sitting on top of another (so called “shadow” doublets) were excluded as Ki-67int/- events having > 2n DNA content (16). This gating strategy was used as a base for the subsequent gates. (B) The following naïve/memory subsets of CD8 T cells were identified: CD45RA+ CCR7+ Naïve, CD45RA- CCR7+ central memory (CM), CD45RA- CCR7- effector memory (EM), and CD45RA+ CCR7- (EMRA). (C) Cell cycle phases of each naïve/memory CD8 T cell subset were defined on DNA-A vs Ki67-A plot as follows: cells in G0 were identified as DNA 2n/Ki67- (bottom left quadrant); cells in G1 as DNA 2n/Ki67+ (upper left quadrant); cells in S-G2/M (or TDS cells) as DNA>2n/Ki67+ (top right quadrant). Unpublished data in relation to (16).”

In the original article, there was also a mistake in the legend for Supplementary Table 1 as published. The peptide- HLA-A*02 tetramer list was incorrectly formatted, there was missing information about numbers in the table (they represent average percentages); missing information about the number of mice (panel A) and number of human donors (panel B and C); and a missing citation of original references at the end. The corrected Supplementary Material File is linked below.

In the original article, there was also a mistake in Figure 1 as published. There was an incorrect y-axis label in panel A, third graph from left. The corrected Figure 1 appears below.

The authors apologize for these errors and state that they do not change the scientific conclusions of the article in any way. The original article has been updated.


Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2021.756641/full#supplementary-material
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The expanded availability of adalimumab products continues to widen patient access and reduce costs with substantial benefit to healthcare systems. However, the long-term success of these medicines is highly dependent on maintaining consistency in quality, safety and efficacy while minimizing any risk of divergence during life-cycle management. In recognition of this need and demand from global manufacturers, the World Health Organization (WHO) Expert Committee on Biological standardization established the WHO 1st International standard (IS) for Adalimumab (coded 17/236) in October 2019 with a defined unitage ascribed to each of the individual bioactivities evaluated in the study namely, TNF-α binding, TNF-α neutralization, complement dependent cytotoxicity and antibody-dependent cellular cytotoxicity. For development of the IS, two candidate standards were manufactured as per WHO recommendations. Analysis of extensive datasets generated by testing of a common set of samples including the candidate standards by multiple stakeholders including regulatory agencies using their own qualified assays in a large international collaborative study showed comparable biological activity for the tested candidates for the different activities. Use of a common standard significantly decreased the variability of bioassays and improved agreement in potency estimates. Data from this study clearly supports the utility of the IS as an important tool for assuring analytical assay performance, for bioassay calibration and validation, for identifying and controlling changes in bioactivity during life-cycle management and for global harmonization of adalimumab products. In addition, in a separate multi-center study which included involvement of hospital and clinical diagnostic laboratories, the suitability of the adalimumab IS for therapeutic drug monitoring assays was examined by analysis of data from testing of a common blind coded panel of adalimumab spiked serum samples representative of the clinical scenario along with the IS and in-house standards in diverse immunoassays/platforms. Both commercially available and in-house assays that are routinely used for assessing adalimumab trough levels were included. Excellent agreement in estimates for adalimumab content in the spiked samples was observed regardless of the standard or the method with inter-laboratory variability also similar regardless of the standard employed. This data, for the first time, provides support for the extended applicability of the IS in assays in use for therapeutic drug monitoring based on the mass content of the IS. The adalimumab IS, in fulfilling clinical demand, can help toward standardizing and harmonizing clinical monitoring assays for informed clinical decisions and/or personalized treatment strategies for better patient outcomes. Collectively, a significant role for the adalimumab IS in assuring the quality, safety and efficacy of adalimumab products globally is envisaged.
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Introduction

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

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

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


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



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

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

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


Table 2 | Bioassay study participants.




Table 3 | Participants in adalimumab quantitation study.





Materials and Methods


Materials, Processing, and Characterization

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

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


Table 4 | Characteristics of the lyophilized preparations.



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



Participants, Study Design, and Methods

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



Bioassay Study

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

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


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



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

	

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

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

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



Study for Quantitating Adalimumab Levels

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

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

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



Reconstitution and Stability Studies

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




Results

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


Preparation of Candidate Standards

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



Bioassay Study Design and Assays

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

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



Bioassay Data Analysis and Dose-Response Profiles

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



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

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


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






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



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

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

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



Potency Estimates of D Relative to Sample A

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



Estimates of ED50 Derived From Neutralization Assays

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

	


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



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



Stability Studies

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



Study Design and Assays for Assessing Adalimumab Levels

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

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


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





Data on Evaluation of Spiked Serum Samples

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



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

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


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



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




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



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

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

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


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



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




Discussion

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

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

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

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

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

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

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

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

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

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

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




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



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

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

Laboratory tests are an important component in the diagnostic process. From an analytical point of view, most tests have reached high technical standards resulting in quantitative results with very high precision and accuracy. The challenge for the clinician then is how to interpret those results. It is particularly difficult when different test systems use different scales and arbitrary units for a given biomarker, as is often the case in immunologic testing. For the clinician it is demanding to estimate the predictive value of a diagnostic test result. A solution to this problem that is advocated here is to provide likelihood ratios as a measure of the predictive value of test results. This approach is not only useful to harmonize interpretation between assays and assay platforms but can be employed as well in external quality control programs. However, the concept of likelihood ratios in clinical diagnostics, although not new, is not yet generally accepted and needs further promotion by demonstrating its usefulness.

Some 55 years ago, a “technic for the estimation of the predictive value of diagnostic test results in the subject tested when the sensitivity and specificity of the test and the prevalence of the disease in the population are known” was described (1). At that time, the technic was limited to dichotomous, qualitative test results. Later, the approach has been extended to intervals of test results and their likelihood ratio (LR) (2–6). The LR of a diagnostic test result is defined by its likelihood in diseased subjects (sensitivity) versus non-diseased subjects (1-specificity). In the field of autoimmunity, test result interval-specific LRs have been applied for the diagnosis of rheumatoid arthritis (7, 8), vasculitis (9, 10), systemic rheumatic diseases (11–16), inflammatory bowel disease and celiac disease (17–22).

It has been realized that expressing results in the form of LRs provides a convenient way to harmonize test results which otherwise would be expressed in various units and provider-defined scales, making it difficult to compare results. This has led to a proposal for harmonization of anti-neutrophil cytoplasmic antibody (ANCA) testing (23, 24), antinuclear antibody testing (25, 26) and autoimmunity tests in general by reporting test result-specific LRs (27, 28). The calculation of LRs of test result intervals has been further extended to arbitrary quantitative test results (29, 30) and applied, for example, for the diagnosis of Alzheimer’s disease (31), ANCA testing (24), antinuclear antibody testing (26) and celiac disease (22).

For the clinician, LRs could be a valuable diagnostic measure (32–35). Nevertheless, a wide application of LRs in diagnostic laboratory testing is not observed today. This might have different reasons, such as:

	a LR is related to a specific diagnosis and, habitually, the clinician does not inform the testing laboratory on the precise diagnostic question.

	a test might be used for screening purposes resulting in a differential diagnosis.

	there is a dearth of data on LRs (and consequently laboratories do not report LRs).



With regard to the differential diagnosis, it should be noted that LRs for each differential diagnosis are very valuable to estimate the relative weight of possible diagnoses (36, 37). Establishing LRs needs clinical studies to be performed, either by the in vitro diagnostics industry, the laboratories, or a collaboration of both. As this has a cost, reimbursement of laboratory tests should consider the additional clinical value of the diagnostic information given by the LR (38), which is not the case today.



What Needs to Be Done?

The field will benefit from applying LRs as quantifiable diagnostic values of laboratory tests and as means for harmonizing otherwise incompatible quantities of test results. The Receiver Operating Characteristics (ROC) curve of a test is a good basis for establishing LRs. Such ROC curves are routinely established to choose a cut-off for qualitative readouts and for calculating the area under the curve (AUC). On ROC curves the LR of a test result interval is given by the slope of the corresponding secant to the curve between the two endpoints of the interval (Figure 1) (39). Making the interval smaller and smaller the LR of a single test result is reached as the slope of the tangent to the ROC curve at the point corresponding to the test result (Figure 1) (39).




Figure 1 | ROC curve with AUC. The slope of the secant (green) gives the LR of an interval of test results and the slope of the tangent (red) for a specific quantitative test result.



Since the AUC expresses the discriminant power of a test, the test producer has a high interest to publish such ROC curves. Usually only the graphical display of the curve or even only the AUC and the cut-off are published, but not the test result values corresponding to the individual points of the curve. Some publications shared the complete ROC curve dataset, which allowed to calculate the LRs using the Bézier curves method (31). Based on published ROC curves on fasting capillary glycemia testing (40), D-dimer testing (41), PSA testing (42), HbA1c testing for gestational diabetes mellitus (43), and an Alzheimer’s test (44), we determined test-result specific LRs. These data are given in Supplemental Data Figure 1.

Having access to the raw data of clinical studies and the LRs, the next step will be to guide the clinicians to understand the use of LRs. One way certainly is to apply LRs in differential diagnosis. As an example, when performing antinuclear antibody tests (ANA) for screening for connective tissue disease one would get different LRs for different diseases. This would allow the clinician to weigh the suspicions derived from other clinical data. Based on published data on antinuclear antibody testing (45), we deduced the titer-specific LR for the various systemic rheumatic diseases. The results are shown in Supplemental Data Figure 2.

Another advantage of using LRs is the harmonization of different techniques, scales, units etc. (24). It certainly would make it easier for the clinician to interpret one single scale, namely LR, than having to get acquainted with different titers, units/ml, ug/ml, mmol/l etc. Even tests using the same scale are not always comparable between different test producers but could be harmonized with LRs. Clinical guidelines giving clinical decision limits for certain test results could improve on such harmonized LRs, not only for dichotomous readouts (46, 47), but also for quantitative results.

LRs have a direct function in estimating the probability of a diagnosis. According to Bayes’ theorem the pretest odds multiplied by the LR of the test result give the posttest odds. Now, the clinician in daily practice may not be used to thinking in such numbers of probability but would rather develop an intuition for them. Nevertheless, when it comes to explain, defend, and document a diagnostic decision, LRs would be very helpful. Estimating the pretest odds might be the more difficult part. Starting from the prevalence of the disease in the population to which the patient belongs, the clinician usually adds the anamnestic and clinical findings leading to the use of a laboratory test in order to include or exclude the suspicion. A low suspicion would need a much higher LR for inclusion than a high suspicion and, conversely, a high suspicion would need a much lower LR for exclusion than a low suspicion. For example, when testing healthy pregnant women for HIV-infection the pretest odds would be around 1:100’000. Receiving now a positive screening test from the laboratory a confirmation would of course be necessary, which usually needs a second blood sample. But what should the doctor tell the patient in the meantime? Above what level of screening test results is the LR starting to get higher than 1? HIV-Screening tests have a very low cut-off to reach a maximal sensitivity, but this leads to the fact that low screening results have an LR smaller than 1. The same holds for anti-nuclear antibody screening by indirect immunofluorescence. A low titer positivity (e.g.) 1:40 or 1:80 has a low LR (<1) for systemic rheumatic disease (14).

In daily practice, the clinician probably is not thinking in terms of pretest probabilities or even pretest-odds. However, the clinical experience provides a level of premonition for a diagnosis that should be confirmed or refuted by the laboratory test. To what extend such change of suspicion is valid depends of course on the quantitative level of the test result. For standardized and frequently used tests, the clinician would intuitively have a feeling for how much the quantitative test result assures the diagnosis. But often, especially in non-harmonized test systems and when the result is at a level near the cut-off point between positivity and negativity, the information content of the result will be overestimated and therefore misleading. As an example, we recently defined for 8 different ANCA test systems assay-specific test results that corresponded to a LR of 0.1, 1, 10 and 30 (24). For the different assays, the test result that corresponded to a LR of 10 was 35 Units, 48.5 CU, 8.6 IU/mL, 2.8 AI, 10 IU/mL, 13.8 U/mL, 48 U/mL and 10.7 IU/mL (24). All these values have the same clinical meaning, namely that the chance to find such value is 10 times higher in patients with ANCA-associated vasculitis than in individuals without an ANCA-associated vasculitis. The provision of LR values would give the individual results a meaning without knowing the scales and cut-offs. When LR values will be reported by the laboratories, together with the quantitative results, the intuitive diagnostic estimation of the clinician will get with time a new dimension that is generally applicable, independent on the specific test. The diagnostic information provided by a LR of 3, 10, 30 or 100 will get a semantic content on how much secure the clinician can be in the daily routine, without calculating probabilities.

Another example that we recently worked out is on antinuclear antibodies (ANA). Lately, platforms that measure fluorescence intensities have been introduced into clinical laboratories. We defined the light intensity units that corresponded to a LR of 0.1, 0.33, 1, 3 and 10 for the NovaView, an automated ANA system from Inova Diagnostics. By doing so we found that the light intensity unit that corresponded to a LR of 0.1 was very close to the cutoff for positivity proposed by the company (26). This means that values that correspond to the cutoff are 10 times more likely to be found in individuals without an ANA-associated rheumatic disease than in patients with an ANA-associated rheumatic disease (which was in agreement with the many false positives reported by the clinicians). We report the LRs for ANA-associated rheumatic disease associated with the ANA fluorescence intensities, which helps the clinician with interpreting test results. One could even go a step further and define pattern-specific LR. Indeed, we demonstrated that the positive predictive value of ANA depends on the pattern, with the highest positive predictive values for the centromere pattern (48).

Finally, we also associated LRs to tissue transglutaminase antibody levels and this revealed that cutoffs are not aligned between manufacturers (22). Here again, test result specific LRs could help to align results between manufacturers.

A further aspect in using LRs by the laboratory is that it can be applied in external quality control. It is nowadays standard for clinical laboratories to take part in external quality controls. When starting to provide LRs of test results to the clinicians it would be important to also compare LRs with other laboratories. Upcoming differences would probably rather have their origin in the different specifications of clinical studies used to establish the ROC curves than in the technical procedures in the laboratory. This would be important to find out to improve harmonization of tests. It might lead to harmonize clinical diagnosis.



Conclusion

We here presented the concept of LR and illustrated its application in autoimmune serology. There are several advantages in applying LR to communicate the diagnostic value of a test. It allows to report test result- (or test result interval)-specific information and to harmonize interpretation between assays and assay platforms. It can not only be applied for specific diseases, but also in differential diagnosis. The concept can also be employed in external quality control programs. The advantages of using LRs in autoimmune serology is being recognized by experts and in vitro diagnostic companies and using LR has been proposed by international organizations (EASI, EFLM, …) as a convenient way to harmonize ANCA test results. Major efforts still need to be done in order to get the concept more generally accepted and applied.
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The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2021.655262/full#supplementary-material

Supplementary Figure 1 | ROC curves with test result values (o) corresponding to the individual points of the curve (left) and LR as a function of test results (right) as calculated by the Bézier curves method (29). Test results with LR=1 are indicated in red. (A) Fasting capillary blood glucose as a screening test for diabetes (40). (B) D-dimer testing for suspected pulmonary embolism in outpatients (41). (C) PSA testing Gleason grade ≥7 vs Gleason grade <7 or no cancer (42). (D) HbA1c Test as a Tool in the Diagnosis of Gestational Diabetes Mellitus (43).

Supplementary Figure 2 | Based on published immunofluorescence test results (45) LRs are calculated for positive results (> 1:160) LR+, borderline results (1:40- 1:160) and negative results (<1:40) LR- in systemic lupus erythematosus (SLE), Sjogren syndrome (SS), systemic sclerosis (SSc), dermatomyositis and polymyositis (DM/PM), mixed CTD (MCTD) and rheumatoid arthritis (RA).



References

1. Vecchio, TJ. Predictive value of a single diagnostic test in unselected populations. N Engl J Med (1966) 274(21):1171–3. doi: 10.1056/NEJM196605262742104

2. Sonis, J. How to use and interpret interval likelihood ratios. Fam Med (1999) 31(6):432–7.

3. Brown, MD, and Reeves, MJ. Evidence-based emergency medicine/skills for evidence-based emergency care. Interval likelihood ratios: another advantage for the evidence-based diagnostician. Ann Emerg Med (2003) 42(2):292–7. doi: 10.1067/mem.2003.274

4. Vermeersch, P, Vercammen, M, Holvoet, A, Vande Broek, I, Delforge, M, and Bossuyt, X. Use of interval-specific likelihood ratios improves clinical interpretation of serum FLC results for the diagnosis of malignant plasma cell disorders. Clin Chim Acta (2009) 410(1–2):54–8. doi: 10.1016/j.cca.2009.09.021

5. Kohn, MA, Klok, FA, and van Es, N. D-dimer Interval Likelihood Ratios for Pulmonary Embolism. Acad Emerg Med (2017) 24(7):832–7. doi: 10.1111/acem.13191

6. Liang, T, Schibeci Oraa, S, Rebollo Rodríguez, N, Bagade, T, Chao, J, and Sinert, R. Predicting Urinary Tract Infections With Interval Likelihood Ratios. Pediatrics (2020) 4:e2020015008. doi: 10.1542/peds.2020-015008

7. Bossuyt, X, Coenen, D, Fieuws, S, Verschueren, P, Westhovens, R, and Blanckaert, N. Likelihood ratios as a function of antibody concentration for anti-cyclic citrullinated peptide antibodies and rheumatoid factor. Ann Rheum Dis (2009) 68(2):287–9. doi: 10.1136/ard.2007.085597

8. Bossuyt, X. Anticitrullinated protein antibodies: taking into account antibody levels improves interpretation. Ann Rheum Dis (2017) 76(9):e33. doi: 10.1136/annrheumdis-2016-211039

9. Vermeersch, P, Blockmans, D, and Bossuyt, X. Use of likelihood ratios can improve the clinical usefulness of enzyme immunoassays for the diagnosis of small-vessel vasculitis. Clin Chem (2009) 55(10):1886–8. doi: 10.1373/clinchem.2009.130583

10. Bossuyt, X, Rasmussen, N, van Paassen, P, Hellmich, B, Baslund, B, Vermeersch, P, et al. A multicentre study to improve clinical interpretation of proteinase-3 and myeloperoxidase anti-neutrophil cytoplasmic antibodies. Rheumatol (Oxford) (2017) 56(9):1533–41. doi: 10.1093/rheumatology/kex170

11. Bossuyt, X, Cooreman, S, De Baere, H, Verschueren, P, Westhovens, R, Blockmans, D, et al. Detection of antinuclear antibodies by automated indirect immunofluorescence analysis. Clin Chim Acta (2013) 415:101–6. doi: 10.1016/j.cca.2012.09.021

12. Oyaert, M, Bossuyt, X, Ravelingien, I, and Van Hoovels, L. Added value of indirect immunofluorescence intensity of automated antinuclear antibody testing in a secondary hospital setting. Clin Chem Lab Med (2016) 54(2):e63–6. doi: 10.1515/cclm-2015-0887

13. Op De Beéck, K, Vermeersch, P, Verschueren, P, Westhovens, R, Mariën, G, Blockmans, D, et al. Antinuclear antibody detection by automated multiplex immunoassay in untreated patients at the time of diagnosis. Autoimmun Rev (2012) 12(2):137–43. doi: 10.1016/j.autrev.2012.02.013

14. Op De Beeck, K, Vermeersch, P, Verschueren, P, Westhovens, R, Mariën, G, Blockmans, D, et al. Detection of antinuclear antibodies by indirect immunofluorescence and by solid phase assay. Autoimmun Rev (2011) 10(12):801–8. doi: 10.1016/j.autrev.2011.06.005

15. Claessens, J, Belmondo, T, De Langhe, E, Westhovens, R, Poesen, K, Hüe, S, et al. Solid phase assays versus automated indirect immunofluorescence for detection of antinuclear antibodies. Autoimmun Rev (2018) 17(6):533–40. doi: 10.1016/j.autrev.2018.03.002

16. Bossuyt, X, Claessens, J, De Langhe, E, Belmondo, T, Westhovens, R, Hue, S, et al. Antinuclear antibodies by indirect immunofluorescence and solid phase assays. Ann Rheum Dis (2020) 79(6):e65. doi: 10.1136/annrheumdis-2019-215443

17. Vermeulen, N, Vermeire, S, Rutgeerts, P, and Bossuyt, X. Likelihood ratio for Crohn’s disease as a function of anti-Saccharomyces cerevisiae antibody concentration. Inflammation Bowel Dis (2010) 16(1):5–6. doi: 10.1002/ibd.20905

18. Vermeersch, P, Coenen, D, Geboes, K, Mariën, G, Hiele, M, and Bossuyt, X. Use of likelihood ratios improves clinical interpretation of IgA anti-tTG antibody testing for celiac disease. Clin Chim Acta (2010) 411(1-2):13–7. doi: 10.1016/j.cca.2009.09.030

19. Vermeersch, P, Richter, T, Hauer, AC, Stern, M, Uhlig, HH, Zimmer, KP, et al. Use of likelihood ratios improves clinical interpretation of IgG and IgA anti-DGP antibody testing for celiac disease in adults and children. Clin Biochem (2011) 44(2-3):248–50. doi: 10.1016/j.clinbiochem.2010.09.026

20. Vermeersch, P, Geboes, K, Mariën, G, Hoffman, I, Hiele, M, and Bossuyt, X. Defining thresholds of antibody levels improves diagnosis of celiac disease. Clin Gastroenterol Hepatol (2013) 11:398–403. doi: 10.1016/j.cgh.2012.10.025

21. Oyaert, M, Vermeersch, P, De Hertogh, G, Hiele, M, Vandeputte, N, Hoffman, I, et al. Combining antibody tests and taking into account antibody levels improves serologic diagnosis of celiac disease. Clin Chem Lab Med (2015) 53(10):1537–46. doi: 10.1515/cclm-2013-1099

22. Bogaert, L, Cauchie, M, Van Hoovels, L, Vermeersch, P, Fierz, W, De Hertogh, G, et al. Optimization of serologic diagnosis of celiac disease in the pediatric setting. Autoimmun Rev (2020) 19(5):102513. doi: 10.1016/j.autrev.2020.102513

23. Bossuyt, X, Cohen Tervaert, JW, Arimura, Y, Blockmans, D, Flores-Suárez, LF, Guillevin, L, et al. Position paper: Revised 2017 international consensus on testing of ANCAs in granulomatosis with polyangiitis and microscopic polyangiitis. Nat Rev Rheumatol (2017) 13(11):683–92. doi: 10.1038/nrrheum.2017.140

24. Bossuyt, X, Damoiseaux, J, Rasmussen, N, van Paassen, P, Hellmich, B, Baslund, B, et al. for (i) the European Federation of Laboratory Medicine (EFLM) Task and Finish Group “Autoimmunity Testing,” (ii) the European Autoimmune Standardization Initiative (EASI) and the (iii) European Consensus Finding Study Group on autoantibodies (ECFSG). Harmonization of antineutrophil cytoplasmic antibodies (ANCA) testing by reporting test result-specific likelihood ratios: position paper. Clin Chem Lab Med (2021) 59(2):e35–9. doi: 10.1515/cclm-2020-1178

25. Bossuyt, X, De Langhe, E, Borghi, MO, and Meroni, PL. Understanding and interpreting antinuclear antibody tests in systemic rheumatic diseases. Nat Rev Rheumatol (2020) 16(12):715–26. doi: 10.1038/s41584-020-00522-w

26. Bossuyt, X, Claessens, J, Belmondo, T, De Langhe, E, Westhovens, R, Poesen, K, et al. Harmonization of clinical interpretation of antinuclear antibody test results by solid phase assay and by indirect immunofluorescence through likelihood ratios. Autoimmun Rev (2019) 18(11):102386. doi: 10.1016/j.autrev.2019.102386

27. Damoiseaux, J. The perspective on standardisation and harmonisation: the viewpoint of the EASI president. Auto Immun Highlights (2020) 611(1):4. doi: 10.1186/s13317-020-0127-3

28. Sack, U, Bossuyt, X, Andreeva, H, Antal-Szalmás, P, Bizzaro, N, Bogdanos, D, et al. European Autoimmunity Standardisation Initiative. Quality and best practice in medical laboratories: specific requests for autoimmunity testing. Auto Immun Highlights (2020) 311(1):12. doi: 10.1186/s13317-020-00134-0

29. Fierz, W. Likelihood ratios of quantitative laboratory results in medical diagnosis: The application of Bézier curves in ROC analysis. PloS One (2018) 13(2):e0192420. doi: 10.1371/journal.pone.0192420

30. Fierz, W. A simplified method to approximate a ROC curve with a Bézier curve to calculate likelihood ratios of quantitative test results. MethodsX (2020) 7:100915. doi: 10.1016/j.mex.2020.100915

31. Fierz, W. Application of Bézier Curves for Calculating Likelihood Ratios for Plasma Amyloid-β Biomarkers for Alzheimer’s Disease. Front Aging Neurosci (2018) 10:276. doi: 10.3389/fnagi.2018.00276

32. Vermeersch, P, and Bossuyt, X. Comparative analysis of different approaches to report diagnostic accuracy. Arch Intern Med (2010) 170(8):734–5. doi: 10.1001/archinternmed.2010.84

33. Gallagher, EJ. Clinical utility of likelihood ratios. Ann Emerg Med (1998) 31(3):391–7. doi: 10.1016/S0196-0644(98)70352-X

34. Grimes, DA, and Schulz, KF. Refining clinical diagnosis with likelihood ratios. Lancet (2005) 365(9469):1500–5. doi: 10.1016/S0140-6736(05)66422-7

35. Moosapour, H, Raza, M, Rambod, M, and Soltani, A. Conceptualization of category-oriented likelihood ratio: a useful tool for clinical diagnostic reasoning. BMC Med Educ (2011) 1711:94. doi: 10.1186/1472-6920-11-94

36. Lipkin, M. The Likelihood Concept In Differential Diagnosis. Perspect Biol Med (1964) 7:485–97. doi: 10.1353/pbm.1964.0018

37. Brenner, H. Measures of differential diagnostic value of diagnostic procedures. J Clin Epidemiol (1996) 49(12):1435–39. doi: 10.1016/S0895-4356(96)00215-6

38. Fierz, W, and Bossuyt, X. Likelihood Ratios as Value Proposition for Diagnostic Laboratory Tests. J Appl Lab Med (2020) 15(5):1061–9. doi: 10.1093/jalm/jfaa064

39. Choi, BC. Slopes of a receiver operating characteristic curve and likelihood ratios for a diagnostic test. Am J Epidemiol (1998) 1148(11):1127–32. doi: 10.1093/oxfordjournals.aje.a009592

40. Bortheiry, AL, Malerbi, DA, and Franco, LJ. The ROC curve in the evaluation of fasting capillary blood glucose as a screening test for diabetes and IGT. Diabetes Care (1994) 17(11):1269–72. doi: 10.2337/diacare.17.11.1269

41. Perrier, A, Desmarais, S, Goehring, C, de Moerloose, P, Morabia, A, Unger, PF, et al. D-dimer testing for suspected pulmonary embolism in outpatients. Am J Respir Crit Care Med (1997) 156(2 Pt 1):492–6. doi: 10.1164/ajrccm.156.2.9702032

42. Thompson, IM, Ankerst, DP, Chi, C, Lucia, MS, Goodman, PJ, Crowley, JJ, et al. Operating characteristics of prostate-specific antigen in men with an initial PSA level of 3.0 ng/ml or lower. JAMA (2005) 294(1):66–70. doi: 10.1001/jama.294.1.66

43. Renz, PB, Cavagnolli, G, Weinert, LS, Silveiro, SP, and Camargo, JL. HbA1c Test as a Tool in the Diagnosis of Gestational Diabetes Mellitus. PloS One (2015) 10(8):e0135989. doi: 10.1371/journal.pone.0135989

44. Nakamura, A, Kaneko, N, Villemagne, VL, Kato, T, Doecke, J, Doré, V, et al. High performance plasma amyloid-β biomarkers for Alzheimer’s disease. Nature (2018) 554(7691):249–54. doi: 10.1038/nature25456

45. Hayashi, N, Kawamoto, T, Mukai, M, Morinobu, A, Koshiba, M, Kondo, S, et al. Detection of antinuclear antibodies by use of an enzyme immunoassay with nuclear HEp-2 cell extract and recombinant antigens: comparison with immunofluorescence assay in 307 patients. Clin Chem (2001) 47(9):1649–59. doi: 10.1093/clinchem/47.9.1649

46. Solomon, DH, Kavanaugh, AJ, and Schur, PH. American College of Rheumatology Ad Hoc Committee on Immunologic Testing Guidelines. Evidence-based guidelines for the use of immunologic tests: antinuclear antibody testing. Arthritis Rheum (2002) 47(4):434–44. doi: 10.1002/art.10561

47. Kavanaugh, AF, and Solomon, DH. American College of Rheumatology Ad Hoc Committee on Immunologic Testing Guidelines. Guidelines for immunologic laboratory testing in the rheumatic diseases: anti-DNA antibody tests. Arthritis Rheumatol (2002) 47(5):546–55. doi: 10.1002/art.10558

48. Vulsteke, JB, Van Hoovels, L, Willems, P, Vander Cruyssen, B, Vanderschueren, S, Westhovens, R, et al. Titre-specific positive predictive value of antinuclear antibody patterns. Ann Rheum Dis (2019), annrheumdis–2019-216245. doi: 10.1136/annrheumdis-2019-216245



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 © 2021 Fierz and Bossuyt. 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: 04 May 2021

doi: 10.3389/fimmu.2021.661135

[image: image2]


HLA-B*13 :01 Is a Predictive Marker of Dapsone-Induced Severe Cutaneous Adverse Reactions in Thai Patients


Patompong Satapornpong 1,2,3, Jirawat Pratoomwun 1,2,4, Pawinee Rerknimitr 5,6, Jettanong Klaewsongkram 5,7,8, Nontaya Nakkam 9, Thanyada Rungrotmongkol 10,11, Parinya Konyoung 12, Niwat Saksit 13, Ajanee Mahakkanukrauh 14, Warayuwadee Amornpinyo 15, Usanee Khunarkornsiri 12, Therdpong Tempark 16, Kittipong Wantavornprasert 5, Pimonpan Jinda 1,2, Napatrupron Koomdee 1,2, Thawinee Jantararoungtong 1,2, Ticha Rerkpattanapipat 17, Chuang-Wei Wang 18,19,20, Dean Naisbitt 21, Wichittra Tassaneeyakul 9, Manasalak Ariyachaipanich 22, Thapana Roonghiranwat 23, Munir Pirmohamed 21, Wen-Hung Chung 18,19,20,24,25 and Chonlaphat Sukasem 1,2,26*


1 Division of Pharmacogenomics and Personalized Medicine, Department of Pathology, Faculty of Medicine Ramathibodi Hospital, Mahidol University, Bangkok, Thailand, 2 Laboratory for Pharmacogenomics, Somdech Phra Debaratana Medical Center (SDMC), Ramathibodi Hospital, Bangkok, Thailand, 3 Division of General Pharmacy Practice, Department of Pharmaceutical Care, College of Pharmacy, Rangsit University, Pathum Thani, Thailand, 4 Department of Clinical Chemistry, Faculty of Medical Technology, Huachiew Chalermprakiet University, Samut Prakan, Thailand, 5 The Skin and Allergy Research Unit, Chulalongkorn University, Bangkok, Thailand, 6 Division of Dermatology, Department of Medicine, Faculty of Medicine, Chulalongkorn University, Bangkok, Thailand, 7 Division of Allergy and Clinical Immunology, Department of Medicine, Faculty of Medicine, Chulalongkorn University, Bangkok, Thailand, 8 King Chulalongkorn Memorial Hospital, Thai Red Cross Society, Bangkok, Thailand, 9 Department of Pharmacology, Faculty of Medicine, Khon Kaen University, Khon Kaen, Thailand, 10 Biocatalyst and Environmental Biotechnology Research Unit, Department of Biochemistry, Faculty of Science, Chulalongkorn University, Bangkok, Thailand, 11 Program in Bioinformatics and Computational Biology, Graduated School, Chulalongkorn University, Bangkok, Thailand, 12 Pharmacy Unit, Udon Thani Hospital, Udon Thani, Thailand, 13 Unit of Excellence on Pharmacogenomic Pharmacokinetic and Pharmacotherapeutic Researches (UPPER), School of Pharmaceutical Sciences, University of Phayao, Phayao, Thailand, 14 Department of Medicine, Faculty of Medicine, Khon Kaen University, Khon Kaen, Thailand, 15 Division of Dermatology, Department of Internal Medicine, Khon Kaen Hospital, Khon Kaen, Thailand, 16 Division of Dermatology, Department of Pediatrics, Faculty of Medicine, Chulalongkorn University, Bangkok, Thailand, 17 Division of Allergy Immunology and Rheumatology, Department of Medicine, Faculty of Medicine, Ramathibodi Hospital, Mahidol University, Bangkok, Thailand, 18 Department of Dermatology, Drug Hypersensitivity Clinical and Research Center, Chang Gung Memorial Hospital (CGMH), Taipei, Taiwan, 19 Cancer Vaccine and Immune Cell Therapy Core Laboratory, Chang Gung Memorial Hospital, Linkou, Taiwan, 20 Department of Dermatology, Xiamen Chang Gung Hospital, Xiamen, China, 21 Department of Molecular and Clinical Pharmacology, MRC Centre for Drug Safety Science, University of Liverpool, Liverpool, United Kingdom, 22 Skin Center, Ruampaet Dr.ANAN Hospital, Surin, Thailand, 23 Department of Pediatrics, Prapokklao Hospital, Chantaburi, Thailand, 24 Whole-Genome Research Core Laboratory of Human Diseases, Chang Gung Memorial Hospital, Keelung, Taiwan, 25 Genomic Medicine Core Laboratory, Chang Gung Memorial Hospital, Linkou, Taiwan, 26 The Thai Severe Cutaneous Adverse Drug Reaction (THAI-SCAR) Research Group, Bangkok, Thailand




Edited by: 
Luis Eduardo Coelho Andrade, Federal University of São Paulo, Brazil

Reviewed by: 
Mayumi Ueta, Kyoto Prefectural University of Medicine, Japan

Teresa Bellon, University Hospital La Paz Research Institute (IdiPAZ), Spain

*Correspondence: 
Chonlaphat Sukasem
 chonlaphat.suk@mahidol.ac.th

Specialty section: 
 This article was submitted to Cytokines and Soluble Mediators in Immunity, a section of the journal Frontiers in Immunology


Received: 30 January 2021

Accepted: 13 April 2021

Published: 04 May 2021

Citation:
Satapornpong P, Pratoomwun J, Rerknimitr P, Klaewsongkram J, Nakkam N, Rungrotmongkol T, Konyoung P, Saksit N, Mahakkanukrauh A, Amornpinyo W, Khunarkornsiri U, Tempark T, Wantavornprasert K, Jinda P, Koomdee N, Jantararoungtong T, Rerkpattanapipat T, Wang C-W, Naisbitt D, Tassaneeyakul W, Ariyachaipanich M, Roonghiranwat T, Pirmohamed M, Chung W-H and Sukasem C (2021) HLA-B*13 :01 Is a Predictive Marker of Dapsone-Induced Severe Cutaneous Adverse Reactions in Thai Patients. Front. Immunol. 12:661135. doi: 10.3389/fimmu.2021.661135



HLA-B*13:01 allele has been identified as the genetic determinant of dapsone hypersensitivity syndrome (DHS) among leprosy and non-leprosy patients in several studies. Dapsone hydroxylamine (DDS-NHOH), an active metabolite of dapsone, has been believed to be responsible for DHS. However, studies have not highlighted the importance of other genetic polymorphisms in dapsone-induced severe cutaneous adverse reactions (SCAR). We investigated the association of HLA alleles and cytochrome P450 (CYP) alleles with dapsone-induced SCAR in Thai non-leprosy patients. A prospective cohort study, 16 Thai patients of dapsone-induced SCARs (5 SJS-TEN and 11 DRESS) and 9 Taiwanese patients of dapsone-induced SCARs (2 SJS-TEN and 7 DRESS), 40 dapsone-tolerant controls, and 470 general Thai population were enrolled. HLA class I and II alleles were genotyped using polymerase chain reaction-sequence specific oligonucleotides (PCR-SSOs). CYP2C9, CYP2C19, and CYP3A4 genotypes were determined by the TaqMan real-time PCR assay. We performed computational analyses of dapsone and DDS-NHOH interacting with HLA-B*13:01 and HLA-B*13:02 alleles by the molecular docking approach. Among all the HLA alleles, only HLA-B*13:01 allele was found to be significantly associated with dapsone-induced SCARs (OR = 39.00, 95% CI = 7.67–198.21, p = 5.3447 × 10−7), SJS-TEN (OR = 36.00, 95% CI = 3.19–405.89, p = 2.1657 × 10−3), and DRESS (OR = 40.50, 95% CI = 6.38–257.03, p = 1.0784 × 10−5) as compared to dapsone-tolerant controls. Also, HLA-B*13:01 allele was strongly associated with dapsone-induced SCARs in Asians (OR = 36.00, 95% CI = 8.67–149.52, p = 2.8068 × 10−7) and Taiwanese (OR = 31.50, 95% CI = 4.80–206.56, p = 2.5519 × 10−3). Furthermore, dapsone and DDS-NHOH fit within the extra-deep sub pocket of the antigen-binding site of the HLA-B*13:01 allele and change the antigen-recognition site. However, there was no significant association between genetic polymorphism of cytochrome P450 (CYP2C9, CYP2C19, and CYP3A4) and dapsone-induced SCARs (SJS-TEN and DRESS). The results of this study support the specific genotyping of the HLA-B*13:01 allele to avoid dapsone-induced SCARs including SJS-TEN and DRESS before initiating dapsone therapy in the Asian population.




Keywords: dapsone-induced severe cutaneous adverse reactions, HLA class I and II alleles, HLA-B*13:01, cytochrome P450, Thais and Taiwaneses



Introduction

Dapsone (4, 4’-diaminodiphenylsulfone, DDS) is wildly used for treatment of infection and inflammation including of leprosy, Pneumocystis jiroveci pneumonia (PJP), or Toxoplasma gondii encephalitis in human immunodeficiency virus (HIV) prophylaxis, neutrophilic dermatoses, dermatitis herpetiformis, and autoimmune bullous disease (1). However, the most frequent adverse drug reactions of dapsone are dose-dependent adverse effects (hemolytic anemia and methemoglobinemia) and rarely dose-independent adverse effects (dapsone hypersensitivity syndrome) (2). Dapsone hypersensitivity syndrome (DHS) or dapsone-induced hypersensitivity reactions (DIHRs) is a life-threatening drug reaction and usually manifested between the 4 and 6 weeks after initiation of treatment. The clinically characterized through fever, rash, hepatitis or systemic involvement, lymphadenopathy, and abnormal hematologic system (eosinophilia or atypical lymphocytosis) (3). This entity is also termed DHS and DIHRs has been considered a manifestation of drug reaction with eosinophilia and systemic symptoms (DRESS). There was found approximately 0.5–3.6% of patients treated with dapsone have been reported to develop DHS and the mortality rate of 9.9% (4). Especially, about 2% of leprosy patients treated with dapsone have a DHS and 12.5% of mortality (5, 6). According to data from the King Chulalongkorn Memorial Hospital, Thailand reported during 2004–2014, dapsone is the 5th ranked common culprit drug causing DRESS in Thai patients (7).

Severe cutaneous adverse drug reactions (SCARs) is a type of adverse drug reactions (ADRs) that remains a rare but potentially severe life-threatening adverse effect and major problems for both clinical treatment and pharmaceutical industry (8). SCARs comprise a heterogeneous groups of distinct clinical manifestation, including of Stevens-Johnson syndrome (SJS), toxic epidermal necrolysis (TEN), drug reaction with eosinophilia and systemic symptoms (DRESS), and acute generalized exanthematous pustulosis (AGEP) (9). Clinical characteristic of SJS, SJS/TEN overlap, and TEN are acute and rapid progression of mucous detachment and systemic symptoms. They are differentiated by the severe of skin detachment, involving <10% of body surface area (BSA) in SJS, 10–30% of BSA in SJS/TEN overlap, and >30% of BSA in TEN (10). According to the RegiSCARs study, SJS has a mortality rates in the range from about 10% and more than 40% for TEN (11). The main causes of SJS-TEN are medicines and risk factors such as HIV infection, renal disease, liver disease, and active systemic autoimmune disease (12). Drug reaction with eosinophilia and systemic symptoms (DRESS) are characterized by a skin rash usually occurring more than 2 weeks after drug initiation with fever, hepatitis or internal organ involvement, lymphadenopathy, and hematological abnormalities (eosinophilia or atypical lymphocytosis) (13). The mortality rate of DRESS is approximately 10% (14).

Although the exact mechanism of SCARs remains unclear, numerous studies have described the associations between human leukocyte antigen (HLA) and cytochrome P450 genes with the specific drug hypersensitivity reaction (15, 16). For example, HLA-B*15:02 with carbamazepine-induced SJS/TEN is recommended for Han Chinese, Malaysia, India, and Thailand (17–20). On the contrary, HLA-A*31:01 is the main genetic determinant for carbamazepine-induced SJS, TEN, and DRESS in Japanese and Europeans (21, 22). Thus, HLA-B*15:02 is phenotype-specific with carbamazepine-induced SJS/TEN in each population. Additionally, there were important discovered the drug metabolism enzymes of phenytoin-induced SJS-TEN. The metabolize processes of phenytoin to p-HPPH (inactive form), arene oxides were cause of phenytoin hypersensitivity reactions by poor metabolizer (PM) alleles of mutation CYP2C9 gene consist of CYP2C9*2 and CYP2C9*3 in Asian (23, 24).

In previous studies, only HLA-B*13:01 was strongly associated with DHS in leprosy Han Chinese (odds ratio 122.1, p-value = 6.038 × 10−12 and odds ratio 20.53, p-value = 6.84 × 10−25) and dapsone-induced DRESS in non-leprosy Thais (odds ratio = 60.75, p-value = 0.0001) (25–27). Furthermore, Dapsone is metabolized through acetylation and N-hydroxylation. In human study, they found a relation between the rate of N-hydroxylation and clearance of dapsone by cytochrome P450 (28). Genetic polymorphisms of CYP2C9, CYP2C19, and CYP3A4 influenced the dapsone metabolism and cause of DHS through by DDS-NHOH (dapsone hydroxylamine) (29). Nevertheless, there are no data describing whether HLA class I, II alleles and cytochrome P450 is a valid marker for prediction of dapsone-induced SCARs in non-leprosy patients in addition to HLA-B*13:01. Consequently, the aim of this study was to investigate the contributing pharmacogenetics markers association between HLA class I, II, cytochrome P450, and dapsone-induced SCARs in Thai non-leprosy patients.



Materials and Methods


Subjects

We enrolled 16 non-leprosy Thai patients with dapsone-induced SCARs consist of 5 SJS-TEN patients and 11 DRESS patients were classified by RegiSCAR criteria. SJS is defined as skin detachment less than 10% of BSA, SJS/TEN overlap has 10–30% of BSA involved, and TEN as skin detachment more than 30% of BSA (30). Moreover, SJS-TEN with severe ocular surface complications (SOC) was diagnosis with history of acute-onset high fever, serious mucocutaneous illness with skin eruption, and the involvement of at least two mucosal sites (oral cavity and ocular surface) (31). DRESS was defined by the triad of skin eruption, hematological involvement, and internal organ involvements according to the RegiSCAR Group Diagnosis Score (13). All patients with dapsone-induced SCARs were accessed through review of photographs, pathologic slides, and medical records by two dermatologists. Furthermore, there were two cases with SJS-TEN and seven cases with DRESS in the Taiwan population. Forty dapsone-tolerant controls who had been non-leprosy Thai patients and received dapsone more than 6 months without any cutaneous adverse reaction.

All of participants in this study from the Faculty of Medicine Ramathibodi Hospital, Mahidol University, Faculty of Medicine, Chulalongkorn University; Faculty of Medicine, Khon Kaen University; Udon Thani Hospital and the Thai Severe Cutaneous Adverse Drug Reaction (THAI-SCAR) research group. In addition, 470 unrelated healthy Thai population were recruited for this study. The study was approved by the ethics committee of Ramathibodi Hospital (MURA2016/105), Khon Kaen University (HE510837) and Udon Thani Hospital (22/2563). Written informed consent was obtained from each patients before enrollment.

There were collected the clinical data of dapsone-induced SCARs and controls consist of age, gender, indication for dapsone treatment, dapsone dose (mg/day), co-medication, complete blood cell count (CBC), blood urea nitrogen (BUN), serum creatinine (SCr), aspartate aminotransferase (AST) or serum glutamic oxaloacetic transaminase (SGOT), and alanine aminotransferase (ALT) or serum glutamic pyruvic transaminase (SGPT).



HLA Class I and II Genotyping

HLA class I and II alleles were genotyped using sequence-specific oligonucleotides (PCR-SSOs). Diluted DNA sample was amplified polymerase chain reaction (PCR) by GeneAmp®PCR System 9700 (Applied Biosystems, Waltham, USA). The PCR product was then hybridized against a panel of oligonucleotide probes on coated polystyrene microspheres that had sequences complementary to stretches of polymorphism within the target HLA class I and II alleles using the Lifecodes HLA SSO typing kits (Immucor, West Avenue, Stamford, USA) and detection by the Luminex®IS 100 system (Luminex Corporation, Austin, TX, USA). HLA class I and II alleles were performed using MATCH IT DNA software version 3.2.1 (One Lambda, Canoga Park, CA, USA).



CYP2C9, 2C19, and 3A4 Genotyping

The genotyping of candidate genes [CYP2C9*2 (430C > T, rs1799853), CYP2C9*3 (1075A > C, rs1057910), CYP2C19*2 (681G > A, rs4244285), CYP2C19*3 (636G > A, rs4986893), CYP2C19*17 (-806C > T, rs12248560), CYP3A4*1B (c.-392A > G, rs2740574), and CYP3A4*18 (c.878T > C, rs28371759)] were genotyped by the TaqMan real time PCR assay (ABI, Foster City, CA, USA). The SNPs genotyping will be conducted using the real-time PCR ViiA7 (ABI, Foster City, CA, USA).



In Silico Model of Dapsone, DDS-NHOH, and HLA-B*13:01 Complex

The 3D structures of HLA-B*13:01 and HLA-B*13:02 were modeled by using HLA-B*5201 from Protein Data Bank (3W39.PDB) as the template structure. The protonation states of all ionizable amino acids were assigned at pH 7.0 using PROPKA 3.0 (32). The structural geometries of Dapsone and DDS-NHOH were generated and fully optimized by the HF/6-31 G(d) level of theory using Gaussian09 program (33). Then, each drug was docked into the binding pocket of specific HLA with 100 independent docking runs using the CDOCKER module implemented in Discovery Studio 2.5 (Accelrys, Inc.).



Statistical Analysis

Chi-square test and Fisher’s exact test were used to analyze the association between dapsone-induced SCARs, dapsone controls, and healthy Thai population. Statistical analysis was performed using SPSS version 16.0 (SPSS Inc., Chicago, IL, USA). The association was estimated by calculating the odds ratio (OR) with a 95% confidence interval (CI). Sensitivity, specificity, positive predictive value (PPV), and negative predictive value (NPV) were calculated. The corrected P-values (Pc) for the multiple comparison of HLA alleles (16 for HLA-A, 22 for HLA-B, 20 for HLA-C, 18 for HLA-DRB1, 9 for HLA-DQA1, and 11 for HLA-DQB1) were calculated using Bonferroni’s correction. P-values were less than 0.05 (two-tailed) was considered to indicate statistically significant.




Results


Clinical Characteristic

The demographic and clinical data of patients with dapsone-induced SCARs and controls are listed in Table 1. Patients who were diagnosed with SJS, TEN, and DRESS were validated as “probable” and “definite” case by dermatologists using RegiSCAR criteria and all of dapsone-induced SJS-TEN patients without severe ocular complications (SOC). The 16 patients with dapsone-induced SCARs consisted of 10 females (62.5%) and 6 males (37.5%), with a median age of 45 (range 2.5–64) years. Meanwhile, 28 (70%) dapsone controls were females with a median age of 41.5 (range 4–75) years. The median onset time of SJS-TEN and DRESS was 32.5 (14–56) and 31.5 (3–63) days, respectively, after exposure to dapsone. The median onset time of SJS-TEN and DRESS were not significantly different. Dapsone was used among the cases and controls for the HIV prophylaxis (25.00% of cases, 17.50% of controls), systemic lupus erythematosus (SLE) (18.75% of cases, 22.50% of controls), chronic bullous disease of childhood (CBDC) (6.25% of cases, 7.50% of controls), and immune thrombocytopenic purpura (ITP) (18.75% of cases, 2.50% of controls). Eight patients (20.00%) had a previous history of cotrimoxazole-induced hypersensitivity reaction in the dapsone-tolerant group. Dapsone dosages used were 100 mg/day, while two patients (2.5 and 4 years old) received 18 and 16.7 mg/day, respectively. The hematological abnormalities and hepatitis were more prominent among the dapsone cases, as shown in Table 1. Furthermore, the most common of co-medication used among the dapsone cases and controls were colchicine, efavirenz, lamivudine, and acyclovir.


Table 1 | Demographic and clinical data between dapsone-induced SCARs and tolerant controls.





Association Between Dapsone-Induced SCARs and HLA Class I, II Alleles

The association between HLA class I and II alleles and dapsone-induced SCARs were evaluated by comparing the SCARs group with the dapsone-tolerant controls group and the Thai general population. The number of HLA-B*13:01 carriers were 13 of 16 (81.25%) in dapsone-induced SCARs, 4 of 40 (10.00%) in dapsone-tolerant controls, and 54 of 470 (11.49%) in Thai population. The frequency of HLA-B*13:01 was significantly associated with dapsone-induced SCARs when compared with dapsone controls (OR: 39.00; 95% CI: 7.67–198.21 and p-value = 5.3447 × 10−7) and general Thai population (OR: 33.38; 95% CI: 9.22–120.91 and p-value = 8.8033 × 10−10) as shown in Table 2. Also, other HLA alleles were significant association with dapsone-induced SCARs including of HLA-A*24:07, HLA-C*03:04, HLA-DRB1*15:01, and HLA-DQB1*06:01 by p-value = 0.0494, 0.0023, 0.0258, and 0.0258, respectively (Table 2). In this study, HLA-B*15:02 was not significantly associated with dapsone-induced SCARs (p-value = 0.1005). The HLA-B*13:01-C*03:04, HLA-B*13:01-DRB1*15:01, HLA-B*13:01-DQB1*06:01, and HLA-DRB1*15:01-DQB1*06:01 haplotypes showed significant association when compared between dapsone-induced SCARs and tolerant controls (Table 2).


Table 2 | Association of HLA class I and II alleles with dapsone-induced SCARs.




When p-values were adjusted by Bonferroni’s correction (16 for HLA-A, 22 for HLA-B, 20 for HLA-C, 18 for HLA-DRB1, 9 for HLA-DQA1, and 11 for HLA-DQB1), only HLA-B*13:01 allele was strongly associated in dapsone-induced SCARs when compared with tolerant controls and general Thai population. Also, HLA-B*13:01–C*03:04 haplotype was significantly associated with dapsone-induced SCARs with corrected p-value = 0.0124. The sensitivity, specificity, PPV, and NPV of HLA–B*13:01 allele for prediction of dapsone-induced SCARs were 76.47, 92.31, 12.37, and 99.64%, respectively (Table 3). We then examined the carrier rate of HLA-B*13:01 and HLA-C*03:04 alleles among the study population (Thais and Taiwanese) with dapsone-induced SCARs. We found HLA-B*13:01 was significantly associated with dapsone-induced SCARs when compared with dapsone controls (OR: 36.00; 95% CI: 8.67–149.52 and Pc-value = 2.8068 × 10−7) and with general Thai population (OR: 30.82; 95% CI:11.11–85.47 and Pc-value = 1.7827 × 10−12) (Table 4). Furthermore, there was a statistical significance between HLA-C*03:04 and dapsone-induced SCARs in Asian patients.


Table 3 | Sensitivity, Specificity, PPV, and NPV between dapsone-induced SCARs and tolerant control.




Table 4 | Association between HLA-B*13:01/HLA-C*03:04 and dapsone-induced SCARs in Asians.





Association Between Dapsone-Induced SJS-TEN and HLA Class I, II Alleles

The association between HLA class I and II alleles and dapsone-induced SJS-TEN is shown in Table 5. HLA-B*13:01 showed a significant association with dapsone-induced SJS-TEN in Thais. HLA-B*13:01 was observed in 80.00% (4/5) of patients with dapsone-induced SJS-TEN, but only in 10.00% (4/40) of tolerant controls (OR: 36.00; 95% CI: 3.19–405.89 and p-value = 2.1657 × 10−3) and 11.49% (54/470) of general Thai population (OR: 30.82; 95% CI: 3.38–280.78 and p-value = 9.199 × 10−4). HLA-B*15:02 allele was found in 40.00% (2/5) of patients with dapsone-induced SJS-TEN, 10% (4/40) of tolerant controls, and 15.11% (71/470) of the general Thai population. There was no significant association between the HLA-B*15:02 allele and the dapsone-induced SJS-TEN (Table 5). We also observed a significant association of HLA-DRB1*15:01, HLA-B*13:01–C*03:04, and HLA-B*13:01–DRB1*15:01 with dapsone-induced SJS-TEN when compared with tolerant controls and general Thai population (p < 0.05). After taking corrected p-values into account, only HLA-B*13:01 was significantly associated with dapsone-induced SJS-TEN in Thais. HLA-B*13:01 had a sensitivity of 50.00% and specificity of 97.30% as a predictor for dapsone-induced SJS-TEN in Thais. Also, the PPV and NPV of the HLA-B*13:01 were 20.80 and 99.28%, respectively (Table 3).


Table 5 | Association of HLA class I and II alleles with dapsone-induced SJS-TEN.




When we compared the frequency of HLA-B*13:01 allele of seven Asian patients with dapsone-induced SJS-TEN and dapsone-tolerant control Thais and the general Thai population, HLA-B*13:01 allele was strongly associated with dapsone-induced SJS-TEN among Asians compared to the dapsone-tolerant control Thais (OR: 54.00; 95% CI: 5.12–569.39 and Pc-value = 2.7599 × 10−3) and general Thai population (OR: 46.22; 95% CI: 5.46–391.26 and Pc-value = 4.3858 × 10−4) respectively (Table 4). For the Taiwanese study, the results showed a significant association between HLA-B*13:01 allele and dapsone-induced SJS/TEN when compared with Thai tolerant control groups with an OR of 40.56 (95% CI = 1.67–985.44; p = 0.0174).



Association Between Dapsone-Induced DRESS and HLA Class I, II Alleles

The association of HLA class I and II alleles with dapsone-induced DRESS were shown in Table 6. We found that 81.82% (9/11) of dapsone-induced DRESS cases carried HLA-B*13:01, while 10.00% (4/40) of dapsone-tolerant controls and 11.49% (54/470) of the general Thai population carried HLA-B*13:01 allele. The HLA-B*13:01 allele was significantly associated with dapsone-induced DRESS when compared with dapsone-tolerant controls (OR: 40.50; 95% CI: 6.38–257.03 and p-value = 1.0784 × 10−5) and general Thai population (OR: 34.67; 95% CI: 7.29–164.67 and p-value = 2.9734 × 10−7). These results were confirmed by corrected p-value of HLA-B alleles (2.3725 × 10−4 and 6.5415 × 10−6, respectively) as presented in the Table 6. The sensitivity, specificity, PPV, and NPV of HLA-B*13:01 allele and dapsone-induced DRESS patients was 69.23, 94.74, 15.74, and 99.54%, respectively (Table 3).


Table 6 | Association of HLA class I and II alleles with dapsone-induced DRESS.




On comparing, 11 dapsone-induced DRESS cases with 40 tolerant controls and 470 general Thai population, the frequencies of HLA-C*03:04, HLA-DQB1*06:01, HLA-B*13:01–C*03:04, and HLA-B*13:01–DQB1*06:01 were significantly associated with dapsone-induced DRESS (p-value < 0.05). However, HLA-B*15:02 allele was not statistically significant association with dapsone-induced DRESS when compared with tolerant controls and Thai population by p-value of 0.1617 and 0.3873, respectively. When the frequencies of HLA alleles in Asian and Taiwanese group were compared with those in Thai dapsone-tolerant controls and the general Thai population, only the HLA-B*13:01 allele was associated with dapsone-induced DRESS (Table 4). Whereas the HLA-C*03:04 allele was not statistically significant in this subgroup.



Association Between Dapsone-Induced SCARs and Cytochrome P450 (CYP2C9, CYP2C19, and CYP3A4 Variants)

In this study, none of the dapsone-induced SCARs and subgroups carried CYP2C9*2 variant along with tolerant controls. CYP2C9*3 variant (intermediate metabolizer, IM) was found in 6.25% (1/16) of the patients with dapsone-induced SCARs and 12.50% (5/40) of the dapsone-tolerant controls. Dapsone-induced SCARs and subgroups were not significantly associated with CYP2C9*3 variant (p-value = 0.6622 and 1.0000) as shown in the Table 7. There were no significant association between CYP2C19 variant and dapsone-induced SCARs and subgroup. CYP3A4*1B variant was absent in this study population. We found one individual of dapsone-induced SCARs carrying CYP3A4*1 / *18. There were not significantly associated between CY3A4 variant and dapsone-induced SCARs and subgroups in Thais.


Table 7 | Association of Cytochrome P450 (CYP2C9, CYP2C19, and CYP3A4) with dapsone-induced SCARs.





Structure Activity Relationship of Dapsone and DDS-NHOH With HLA-B*13:01 by In Silico Model

In this study, we performed computational analyses of dapsone and DDS-NHOH interacting with HLA-B*13:01 and -13:02 allele using the molecular docking approach by CDOCKER in Discovery Studio 2.5 program package. The homology models of HLA-B*13:01 and -13:02 were constructed by using HLA-B*5201 (PDB ID: 3W39) as the template structure. The 3D structure of either HLA-B*13:01 or -13:02 was deposited as a heterodimer containing α-domain and β-domain. In comparison between these two proteins, there are three different amino acids in the antigen-binding site of α-domain (I94, I95, and R97 in HLA-B*13:01, and T94, W95, and T97 in HLA-B*13:02). As a result, HLA-B*13:01 had an extra deep sub-pocket around the F-pocket at antigen-binding site, in which both drugs favorably occupied (Figures 1 and 2). The docking results in Table 8 showed that although dapsone likely interacted with both proteins via an insertion of its –NH2 group into the F-pocket (90.4 and 100.0% for HLA-B*13:01 and -13:02), it preferred to bind with HLA-B*13:01 (−28.53 kcal/mol) more than HLA-B*13:02 (−25.19 kcal/mol). The functional substitution on one of –NH2 groups to the –NHOH group in DDS-NHOH could lead to a more stable complex with HLA-B*13:01 (−30.24 kcal/mol for the conformation with –NH2 insertion, 54.0%), however the complex with the –NHOH insertion was also possible (30.0%) but it was less stable (−27.45 kcal/mol). This is in contrast for DDS-NHOH/HLA-B*13:02 in which only the conformation with –NHOH insertion was detected (−26.42 kcal/mol) in the F-pocket at antigen-binding site.




Figure 1 | Binding model and interaction diagram between Dapsone and HLA-B*13:01.






Figure 2 | Binding model and interaction diagram between DDS-NHOH and HLA-B*13:01.




Table 8 | Binding free energies of dapsone and DDS-NHOH with HLA-B*13:01 and HLA-B*13:02.






Discussion

The immunopathogenesis of SCARs are associated with expression of specific HLA allele, T-lymphocyte, structure of drug and peptide molecules (34, 35). In this study, we presented the highly specific association of HLA-B*13:01 allele and dapsone-induced SCARs (OR = 39.00, p-value = 5.3447 × 10−7), dapsone-induced SJS-TEN (OR = 36.00, p-value = 2.1657 × 10−3), and dapsone-induced DRESS (OR = 40.50, p-value = 1.0784 × 10−5) in Thai population. The frequency of HLA-B*13:01 was found in 81.25% of dapsone-induced SCARs, 10.0% of tolerant controls and 11.49% of general Thai population. The HLA-B*13:01 has a sensitivity of 76.47% and a specificity of 92.31% for predicted dapsone-induced SCARs with the prevalence of dapsone hypersensitivity syndrome was 1.4% (2). Previous study, we found the incidence of DHS among non-leprosy patients (1.66%) was compatible to that observed among leprosy patients (1.0%) (2). Meanwhile, HLA-B*13:01 allele sensitively and specifically predicted DHS in Han Chinese leprosy patients (85.5 and 85.7%, respectively). Furthermore, DHS in Han Chinese leprosy patients were found to carry HLA-B*13:01 (OR 122.1, p-value = 6.038 × 10−12 and OR 20.53, p-value = 6.84 × 10−25), Indonesian leprosy patients (OR 233.46, p-value = 7.11 × 10−9), and Korean patients (OR 73.67) (25, 26, 36, 37). When we used corrected p-values for multiple comparison, the only HLA-B*13:01 has a statistically significant association when compared between dapsone-induced SCARs and tolerant controls and general Thai population and significantly reduce the incidence of DHS in the Chinese population (38). Moreover, the risk of dapsone-induced SCARs was significantly associated with Asian patients (Thais and Taiwanese) with the HLA-B*13:01 allele, with an OR of 36.00, 95% CI = 8.67–149.52, and Pc-value = 2.8068 × 10−7. Thus, HLA-B*13:01 is strongly associated with dapsone-induced SCARs including of SJS-TEN and DRESS in leprosy and non-leprosy Asian patients. The allele frequency of HLA-B*13:01 distribution was 2–20% of Chinese, 28% of Papuans and Australian aborigines, 1–12% of Indians, 18.2% of Turkey, 8.72% of Korean, 2–4% of Southeast Asians, 1.5% of Japanese, 5.60% in Taiwanese, 5.96% of Thais, and 0% of Europeans and Africans (2, 39–41) (http://www.allelefrequencies.net/hla6006a.asp?hla_population=2842). Certainly, HLA-B*13:01 with dapsone-induced SCARs (SJS-TEN and DRESS) was strongly associated of ethnic-specific genetic in different populations. Correspondingly, HLA-B*15:02 and HLA-A*31:01 have been identified as predictive genetic markers for carbamazepine hypersensitivity in Asian and European patients (42). The biogeographical ancestry has important role in express a range of pharmacogenetics alleles and several type of SCARs. Further studies should investigate the association of pharmacogenetics marker and dapsone-induced SCARs in other population, especially Europeans and Africans.

We observed a significant association between HLA alleles such as HLA-A*24:07, HLA-C*03:04, HLA-DRB1*15:01, and HLA-DQB1*06:01 and dapsone-induced SCARs. The HLA-DRB1*15:01 allele was significantly associated with dapsone-induced SJS-TEN, whereas HLA-C*03:04 and HLA-DQB1*06:01 were significantly associated with dapsone-induced DRESS (p-value <0.05). Previous genome-wide association study had reported the association between HLA-C*03:04 and DHS in Han Chinese leprosy patients with OR = 9.00 and p-value = 2.23 × 10−19 (26). In the present study, we also found association between HLA-C*03:04 and dapsone-induced SCARs (OR = 9.00, p-value = 0.0023), SJS-TEN (OR = 13.50, p-value = 0.0212), and DRESS (OR= 7.50, p-value = 0.0155). The distribution of HLA-C*03:04 allele has been reported in different populations such as 4.37% in African Americans, 7.27% in Hispanics, 8.11% in Caucasians, 11.23% in North Americans, 10.03% in Asians, 13.70% in Japanese, 12.20% in Taiwanese, 8.09% in Thais, and 9.90% in Han Chinese (41, 43) (http://www.allelefrequencies.net/hla6006a.asp?hla_population=2842). This possibly suggests that HLA-C*03:04 allele might be a pharmacogenetics marker for dapsone-induced SCARs in many populations. Frequencies of several HLA haplotypes such as HLA-B*13:01–C*03:04, HLA-B*13:01–DRB1*15:01, and HLA-B*13:01–DQB1*06:01 were higher in dapsone-induced SCARs group compared to dapsone-tolerant controls and general Thai population. When the p-values were adjusted for multiple comparisons, associations were lost except HLA-B*13:01–C*03:04 haplotype in dapsone-induced SCARs. Nonetheless, individual HLA-B*13:01 genotypes had a high risk for dapsone-induced SCARs (SJS-TEN and DRESS) when compared with haplotypes. Although, in this study was found all dapsone-induced SJS-TEN patients without severe ocular complications (SOC), HLA-A*02:06 and HLA-B*44:03 were strong risk factor of cold medicine-induced SJS-TEN with SOC in Japanese population (31). With the presence of these alleles, further study should be conducted on these HLA alleles and culprit drugs-induced SJS-TEN with SOC in Thai population.

The sulfonamide structure is the basis of many drugs. Base on the sulfonamides structure can be divided into three types, consisting of sulfonylarylamines, non-sulfonylarylamines, and sulfonamide moiety-containing drugs (44). Consequently, the cross-reactivity of sulfonamide hypersensitivity reactions have been reported among sulfonylarylamines (antimicrobial sulfonamides) (45). Co-trimoxazole (sulfamethoxazole, SMX: trimethoprim, TMP) is commonly used for antibiotic, Pneumocystis jiroveci pneumonia (PJP) for HIV prophylaxis, organ transplantation, and cancer chemotherapy. Nevertheless, co-trimoxazole has been reported as the most common culprit drug for SJS/TEN in several countries and Thailand (46, 47). According to the data from the spontaneous reports during 1984 to 2014 by the Health Product and Vigilance Center of Thailand, co-trimoxazole is the most common culprit drug causing SJS and TEN, whereas dapsone is the 20th ranked culprit drug who suffered from SJS and TEN in Thailand (http://thaihpvc.moph.go.th/thaihvc/Public/News/uploads/hpvc_5_13_0_100526.pdf). Particularly, structure of dapsone is comprised of the simplest of the sulfones, there is considerable cross-reactivity among various sulfonamide structure. The previous study showed a significant association of HLA-B*15:02, HLA-C*06:02, and HLA-C*08:01 alleles with co-trimoxazole-induced SJS-TEN in Thai patients (48). The HLA-B*15:02 allele was strongly associated with co-trimoxazole-induced SJS-TEN in Thai patients with (OR = 3.91, p-value = 0.0037). However, our results from this study were not consistent with the results of co-trimoxazole-induced SJS-TEN regarding the HLA-B*15:02 allele, although the frequency of HLA-B*15:02 allele in Thai population and Han Chinese is approximately 10–20% (49). Recent studies from meta-analysis and molecular dynamic simulation between HLA-B*13:01 and dapsone structure proposed that dapsone would fit within the structure of the antigen-recognition site and may change the self-peptides that bind to HLA-B*13:01 causing dapsone hypersensitivity syndrome (50, 51). The association of HLA-B*15:02 or HLA-B*13:01 alleles with cross-reactivity between sulfonamide structure and different types of SCARs needs further exploration.

In addition to the HLA alleles, drug-metabolizing enzymes have been found to play a role in the pathogenesis of SCARs. The genetic variants of cytochrome P450 (CYP2C9), encoding an enzyme responsible for metabolic clearance of phenytoin are strongly associated with phenytoin-induced SCARs in Taiwanese, Japanese, and Malaysians (23). CYP2C9*3 was significantly associated with phenytoin-induced SJS/TEN (OR: 4.30; 95% CI: 1.41–13.09 and p-value = 0.0133) in Thais (24). Dapsone is metabolized in the liver by nitrogen (N)-acetylation and N- hydroxylation. The N-hydroxylation is mediated by cytochrome P450 (CYP2E1, CYP2C9, CYP2C19, and CYP3A4) (29). N-hydroxylated metabolites consist of DDS-NHOH and monoacetyl dapsone hydroxylamine (MADDS-NHOH). DDS-NHOH is responsible for fever, rash, and internal organ involvement in dapsone hypersensitivity reactions (52). CYP2C9 extensively metabolizes co-trimoxazole and influences reactive metabolites induced cytotoxicity (53, 54). In this study, we did not find the significant association between genotypes and phenotypes of CYP2C9, CYP2C19, and CYP3A4 variants and dapsone-induced SCARs (SJS-TEN and DRESS). There is an association of mucosal involvement, hepatitis, higher age, and disease occurrence with a higher risk of fatal outcome of dapsone hypersensitivity syndrome (55). Our results suggest that the severity of internal organ involvement (hepatitis) and hematological abnormalities may correlate with dapsone-induced SCARs, but dapsone dosage does not seem to affect the incidence of dapsone-induced SCARs (SJS-TEN and DRESS) in the Thai population. Nevertheless, the number of subjects in this study may not be sufficient enough to confirm all the assumptions. Further studies using a large number of samples are required for better comprehension.

In previous study, the detection of HLA‐B*13:01‐restricted dapsone and metabolite form‐responsive CD8+ clones indicates that dapsone hypersensitivity syndrome should be used as an example to discover the structural features of drug, HLA binding and interaction (56). The in silico model suggested that the 5-carboxamide group of CBZ might interact with Arg 62 of B pocket of HLA-B*15:02 (binding energy -37.104 kcal/mol) and Asn 63 contributes to the specificity in HLA recognition (57). In this study, we found three amino acid residues on an extra deep sub-pocket on F pocket within the antigen-binding site of HLA-B*13:01 and binding affinity of dapsone and DDS-NHOH for HLA-B*13:01 was much greater than HLA-B*13:02. Additionally, a docking model between dapsone and DDS-NHOH and HLA-B*13:01 allele was found to be appropriate because specific interaction triggers structural changes in the antigen-recognition site, allowing the protein to recognize peptides that are conformationally altered. Specific HLA allele plays a major immunopathogenesis role of drug hypersensitivity reactions, several hypotheses have been proposed to explain the interaction of HLA, drugs, peptides, and T cell (58). In brief, the hapten/prohapten model proposes that a chemically active drug or its metabolite forms a covalent bond with an endogenous peptide and then is intracellularly processed and presented by the particular HLA. While, the direct pharmacological interaction (p-i) model involves a non-covalent and labile interaction of the drug with HLA at the cell surface independent of antigen processing or T cell receptor. Another hypothesis, the altered peptide repertoire model, suggests the drug or its metabolites can bind non-covalent within the pocket of binding groove of certain HLA allele (34, 58). Thus, the altered peptide repertoire model involves the binding of dapsone and DDS-NHOH to HLA-B*13:01 allele and explains why the specific HLA-B*13:01 allele is a marker of dapsone-induced SCARs, despite the cytochrome P450 gene is responsible for the metabolism of dapsone to dapsone hydroxylamine.

This study confirms the specific association between HLA-B*13:01 and dapsone-induced SCARs including SJS-TEN and DRESS in the Thai and Taiwanese population. Although HLA-A*24:07, HLA-C*03:04, HLA-DRB1*15:01, and HLA-DQB1*06:01 were associated with dapsone-induced SCARs, none of these associations were considered statistically significant after Bonferroni’s correction. Furthermore, there was no association between genetic polymorphisms of CYP2C9, CYP2C19, and CYP3A4 and dapsone-induced SCARs. In addition to the specific interaction of dapsone and DDS-NHOH at the extra deep sub-pocket around the F pocket on HLA-B*13:01 allele, resulting in a change in the structure of antigen-recognition site of HLA-B*13:01 may induce altered peptides that bind to this HLA allele. Consequently, only HLA-B*13:01 might serve as a pharmacogenetics marker for screening before initiating the therapy with dapsone for the prevention of dapsone-induced SCARs.
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Measurement of two groups of autoantibodies, rheumatoid factor (RF) and anti-citrullinated protein/peptide antibodies (ACPA) have gained increasing significance in the diagnosis and classification of rheumatoid arthritis (RA) over the last 65 years. Despite this rising importance of autoimmune serology in RA, there is a palpable lack of harmonization between different commercial RF and ACPA tests. While a minimal diagnostic specificity has been defined for RF tests, which almost always are related to an international reference preparation, neither of this applies to ACPA. Especially assays with low diagnostic specificity are associated with very low positive predictive values or post-test probabilities in real world settings. In this review we focus on issues of practical bearing for the clinical physician diagnosing patients who potentially have RA, or treating patients diagnosed with RA. We advocate that all clinically used assays for RF and ACPA should be aligned to a common diagnostic specificity of 98-99% compared to healthy controls. This high and rather narrow interval corresponds to the diagnostic specificity seen for many commercial ACPA tests, and represents a specificity that is higher than what is customary for most RF assays. Data on antibody occurrence harmonized in this way should be accompanied by test result-specific likelihood ratios for the target diagnosis RA on an ordinal or interval scale, which will provide the clinical physician with more granular and richer information than merely relating numerical values to a single cut-off point. As many physicians today are used to evaluate autoantibodies as positive or negative on a nominal scale, the introduction of test result-specific likelihood ratios will require a change in clinical mindset. We also discuss the use of autoantibodies to prognosticate future arthritis development in at-risk patients as well as predict severe disease course and outcome of pharmacological treatment.
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Introduction

Autoantibody measurements have been long-term companions to physicians involved in the management of rheumatoid arthritis (RA) patients, with increasing importance during the last decades. As guidelines and criteria nowadays tend to put increasing emphasis on autoantibody analyses, and as the field is highly dynamic, it becomes even more important for physicians to be aware of pitfalls and advantages of such testing. Thus, we aimed to overview the current ‘serological landscape’ in RA, from both laboratory and clinical perspectives



Laboratory Perspectives


Autoantibodies in Diagnostic and Classification Criteria for Rheumatoid Arthritis

Already in the diagnostic criteria for RA proposed in 1956 (1), a positive sheep cell agglutination test or a positive streptococcal agglutination test (2) was included among the criteria for definite or probable RA. A definite RA diagnosis required five out of 11 criteria, and thus immune serology could constitute up to 20% of the criteria needed. The 1956 criteria (1) did not define what laboratory finding should constitute a positive reaction for RF, but the 1958 revised criteria (3), stated that any method to measure RF could be employed if “positive in not over 5% of normal controls” in two different laboratories, alternatively by a positive streptococcal agglutination test (3). In the 1987 American Rheumatism Association revised criteria for the classification of RA (4), RF constituted one of 7 classification criteria, and as RA was defined by the presence of four or more criteria, autoimmune serology could constitute up to 25% of the criteria needed for classification as RA. The definition of a positive RF reaction was slightly modified to “abnormal amounts of serum rheumatoid factor by any method for which the result has been positive in <5% of normal control subjects”. Thus, a specificity more than, but not including, 95% was employed.

Major discoveries prompted the development of new criteria. The advent of biological therapies had dramatically improved the prognosis for RA patients (5). A new understanding emerged concerning the “window of opportunity” within the first weeks after appearance of RA symptoms, when active treatment with disease-modifying anti-rheumatic drugs (DMARDs) should be commenced, and that delayed start of RA treatment had long-term negative effects (6). Collectively, these circumstances led to criticism of the 1987 classification criteria for lacking sensitivity in early RA. The discovery of anti-citrullinated protein/peptide antibodies (ACPA) also changed the scene (7, 8). The 2010 European League against Rheumatism (EULAR)/American College of Rheumatology (ACR) classification criteria for RA therefore focus on discriminating between high and low risk for persistent or erosive disease among patients presenting with recent onset of synovitis (9). In the 2010 criteria, both RF and ACPA are included, and a score of 6 or greater out of 10 possible classify as RA. Intriguingly, the 2010 classification criteria do not convey any traceable information about how to define the occurrence of RF or ACPA, and negative values are referred to as “less than or equal to the upper limit of normal (UNL) for the laboratory and assay” (9). Low positive values were defined as between 1-3 times the UNL, and high positive values > 3 times the UNL for the laboratory and assay. Low levels of RF or ACPA yield a score of 2, and high levels yield a score of 3. Qualitative RF responses yield a score of 2 (9).

Consequently, autoantibodies may now account for up to 50% of the scores needed to classify as definite RA, meaning that the impact of autoimmune serology has gradually increased since the first diagnostic criteria in 1956.

At the time of publication of the 1956, 1958 and 1987 criteria, RF was commonly performed with manual techniques locally adopted in individual hospital laboratories. This situation has changed dramatically, and today most laboratories use commercial assay systems comprising ready-made assay kits or fully automated assay systems provided by industrial manufacturers. Since 2017, the In Vitro Diagnostic Medical Device Regulation (IVD-R) describes the regulatory basis for placing new in vitro tests on the market in the European Union (10). The IVD-R states that the manufacturing company is responsible for performing clinical validation including determination of diagnostic sensitivity and diagnostic specificity. The reference ranges suggested by the manufacturer are thereafter often accepted after being verified in smaller groups of subjects in the individual clinical laboratories utilizing the corresponding reagents. In practice, reference ranges for RF are commonly defined according to the 1987 classification criteria (4), whereas reference ranges for ACPA are decided at the discretion of the individual companies producing ACPA assay reagents.

In the 1956 criteria, high concentration of lupus erythematosus (LE) cells in blood constituted an exclusion criterion (1, 11). This exclusion criterion remained in the 1958 revision, but was commented as LE cells had been observed in patients with typical clinical features of RA (3). However, anti-nuclear antibodies detected with immune fluorescence (IF-ANA), i.e. the clinical laboratory successor of the LE cell test (12), is quite common among RA patients. In a Swedish study of 105 patients with established RA, IF-ANA was detected in 38% (13). In another study, a positive reaction was found in 20% of 385 patients with early RA classified according to the 1987 criteria (14). In both studies, the diagnostic specificity for IF-ANA was 95% when compared with healthy controls, as suggested by the international recommendations (15). IF-ANA is thus common among RA patients and consequently, this exclusion criterion was omitted in the 1987 and 2010 RA classification criteria (4, 9).



Laboratory Techniques Used to Measure RF

RF was originally described using hemagglutination of sensitized sheep red blood cells in an agglutination test (16, 17), with reagents prepared in-house by each laboratory. Later more stable tests appeared based on the agglutination of latex-containing particles of uniform size instead of sheep red blood cells (18). Large scale automation was made possible with the development of nephelometric (19, 20) and turbidimetric (21) techniques. Until then, all methods had been isotype-nonspecific, although they all, due to assay format, mainly detected IgM RF. With the development of isotype-specific ELISAs (22) and other enzyme immunoassays, this hurdle was overcome. There are also examples of commercial addressable laser bead immunoassays (ALBIA) for the measurement of RF (23).

The report for the October 2020 distribution from the British National External Quality Assurance Scheme (UK NEQAS) contained 312 responses for RF (308 correctly reported positive). RF had – in different laboratories - been analyzed with four latex agglutination methods, although no laboratory reported measurement with the original hemagglutination technique. Other techniques reported were one chemiluminescence method, 8 enzyme immunoassays, 12 turbidimetry methods, two nephelometry assays, and one addressable laser bead immunoassay ALBIA. Only one laboratory reported using an in-house ELISA to measure RF, whereas all other laboratories stating details used commercial tests.



Clinically Used Assays for ACPA Determination

A number of different commercially available ACPA tests have been developed, detecting antibodies that target different citrullinated proteins and peptides. The first assay marketed in 2000 used a defined peptide from filaggrin, the citrullinated autoantigen in anti-keratin antibodies (24), and the first protein to be used as a citrullinated autoantigen in RA studies (7, 8). The public peptide sequence was made cyclic by oxidative folding between thiol groups in two cysteine residues to allow more efficient recognition of the citrullinated epitopes by ACPA. Consequently, the antigen was denoted cyclic citrullinated peptide (CCP) (25). By screening around 12 million peptides from synthetic libraries with RA sera, a new set of peptide(s) was incorporated into assays denoted cyclic citrullinated peptide version 2 (CCP2) (26). A great number of studies have shown that anti-CCP2 defines RA patients with poor prognosis, both concerning inflammation and radiographic joint damage (27, 28). Comparative studies clearly showed that anti-CCP2 had higher diagnostic sensitivity at equal specificity, and also defined more patients with poor radiological prognosis, compared to anti-CCP1, which was the name now given to the original anti-CCP test (29). The proprietary CCP2 has been licensed to many diagnostic companies which produce anti-CCP2 tests, and one company developed their own cyclized peptide denoted CCP3 which also has good diagnostic qualities (30, 31). A German company developed a test based on mutated and citrullinated vimentin, denoted anti-MCV (32). Although anti-MCV could detect patients with poor radiological prognosis also among anti-CCP2-negative patients (33), and high levels of anti-MCV have been particularly associated with severe extra-articular manifestations of RA (34), a number of studies have raised issues concerning the diagnostic performance of anti-MCV, especially in the high specificity part of the receiver operator characteristics (ROC) curve (35, 36). A commercial ELISA based on recombinant citrullinated rat filaggrin was also developed (37, 38), and an Italian company has established an assay based on a viral citrullinated peptide (VCP2) from Epstein-Barr virus-encoded protein (39).

In Europe, the anti-CCP2 test provided by different companies and in different assay formats is the dominating test. Although the absolute majority of commercial ACPA tests measure IgG ACPA, some companies have developed commercial IgA and IgM ACPA tests primarily for research purposes (40, 41), and one company developed a variant ACPA test denoted anti-CCP3.1 with mixed anti-IgG/anti-IgA conjugate (31, 42).

A large number of ACPA fine specificities have been described, also appearing in the anti-CCP2 negative RA subset (43). However, no such fine specificities have gained widespread clinical use.

The October 2020 quality assessment distribution from UK NEQAS contained 407 responses from individual laboratories for ACPA, with 406 correctly reported positive. ACPA had been analyzed with 6 different chemiluminescence methods, 11 enzyme immunoassays and one luminex-based assay. All laboratories used commercial ACPA tests.



Non-Criteria Autoantibodies in RA

Besides RF and ACPA, other groups of antibodies have been implicated as diagnostic and/or prognostic biomarkers in RA. ACPA belong to a group of antibodies against post-translationally modified (PTM) proteins/peptides. Antibodies against carbamylated or homocitrulline-containing proteins (anti-CarP) were originally detected in 45% of RA patients and reported as distinct from ACPA based on inhibition studies (44). Anti-CarP predicts poor radiological outcome in early arthritis patients (45). A meta-analysis suggested high specificity but relatively low sensitivity for anti-CarP (46). Together with antibodies against acetylated residues, ACPA and anti-CarP are collectively termed anti-modified peptide antibodies, or AMPA (47). The original studies claiming non-cross reactivity used rather complex ELISAs with carbamylated fibrinogen or carbamylated fetal calf serum as antigens, and polyclonal patient sera. Later studies, which used small peptides with different individual PTMs (48) and/or monoclonal AMPA from RA patients (49, 50) have shown extensive cross-reactivity, especially between ACPA and anti-CarP. Antibodies against peptidyl arginine deiminase-4 (PAD-4), an enzyme responsible for citrullination, was originally detected in 36-42% or RA patients with high specificity (51), and gained interest as anti-PAD-4 could inhibit citrullination of fibrinogen (52). A meta-analysis has suggested rather low diagnostic sensitivity but high specificity for anti-PAD-4 (53). Antibodies against glucose-6-phosphate isomerase (anti-GPI), distinctively pathogenic in the K/BxN T cell receptor transgenic mouse arthritis model, were first described in 64% of RA patients but not in controls (54). Later studies, however, showed anti-GPI also in other arthritides and systemic rheumatic diseases (55, 56). Type II collagen (CII), the most abundant antigen in hyaline cartilage, is an autoantigen in animal arthritis models, and anti-CII in RA was first described almost 50 years ago (57). More recent studies have described high levels of functionally active cytokine-inducing anti-CII in a limited group (5-10%) of newly diagnosed RA patients. As anti-CII levels drop during the first year, so does the anti-CII induced inflammation. Anti-CII might therefore be a marker for an acute onset RA subgroup with good prognosis (58, 59). Heterogeneous nuclear ribonucleoprotein A2, or RA33 is a target for autoantibodies in about one third of RA patients, but also in systemic lupus erythematosus (SLE) and mixed connective tissue disease patients with antibodies against DNA and the Sm/RNP complex (60). A recent meta-analysis reported pooled sensitivity and specificity values of 31.8% and 90.1%, respectively (61). Antibodies against products of lipid degradation, malondialdehyde (MDA) and malondialdehyde-acetaldehyde (MAA) are increased in RA and show some association to RF and ACPA (62). The levels increase before diagnosis of RA, albeit at a later stage than RF and ACPA (63). Antibodies against the immunoglobulin binding stress protein BiP have been found in sera both from RA patients and asymptomatic subjects subsequently developing RA (64); but a recent meta-analysis showed only moderate diagnostic sensitivity (65). Antibodies against calpastatin were described more than 25 years ago in 57% of investigated RA patients (66). Anti-agalactosylated IgG autoantibodies have been described in 83% of RA patients, but comparison with disease controls showed lower specificity than for anti-CCP (67).

None of these non-criteria autoantibodies have obtained widespread use, although anti-CarP has gained significant interest in a scientific context. Henceforth, we will focus on the clinical use of RF and ACPA.



International Reference Preparations for RF and ACPA

The first World Health Organization (WHO) RF standard was produced by pooling RA sera collected in 1963. In 1964 the pool was divided into three batches, where the first formed the international reference serum denoted W1066 (68). The second batch formed the 1st British standard denoted 64/002 (69). As they are from the same source, W1066 and 64/002 are interchangeable. Eleven laboratories from seven countries participated in the collaborative study where all participants were asked to use sheep cell agglutination, and no isotype specific techniques were in use at that time. The 1st WHO standard W1066 was described in 1970 (70) and has been available via the National Institute for Biological Standards and Control (NIBSC) in United Kingdom (www.nibsc.org). The majority of commercial tests for RF are standardized against W1066, and the unitage is consequently given as international units (IU)/ml.

The first reference preparation for ACPA prepared from defibrinated plasma from one strongly ACPA-positive RA patient diluted in a pool of ACPA negative serum samples was described in 2012 (71). Twelve commercial methods, the majority based on the CCP2 antigen were investigated in parallel. Except the anti-CCP3.1 test detecting both IgG and IgA ACPA, the other 11 assays only detected IgG ACPA. When dilutions of the reference sample was used as a calibrator in the different assays, the mean coefficient of variation was reduced from 76.4% to 27.9% for samples with medium/high ACPA levels (71). The reference preparation is available from the Antibody Standardization Committee (ASC), a subcommittee of the International Union of Immunological Societies (IUIS) quality assessment and standardization committee (72). Although it belongs to the reference preparations colloquially called the “CDC reagents”, the IUIS/ASC reference preparation is today distributed via the Plasma Services Group (www.plasmaservicesgroup.com). To our knowledge, no commercial ACPA test has so far been standardized against this preparation.

A tentative new candidate material named 18/204 has been investigated in a collaborative study led by NIBSC, with the aim to produce a new WHO standard for RF and ACPA. The candidate material was also evaluated by the European Consensus Finding Study Group on Autoantibodies (ECFSG) in 2019-2020. The complexity of the results from the international collaborative study has raised some unexpected questions, and the approach for using 18/204 as an RF/ACPA standard or reference reagent is still under consideration (Lucy Studholme, personal communication).



Standardization of Autoantibody Analyses in the Clinical Laboratory

In Sweden, most if not all laboratories performing autoantibody analyses are accredited according to EN/ISO 15189:2012 standard (73). This document is general, and does not fulfill all needs concerning instructions for immunological laboratories. A consensus document was recently published to fill these needs and to create a framework for accreditation purposes (74), including internal controls and external quality assessment schemes. Internal controls (both positive and negative) are individual samples included in all performed analyses in parallel to patient samples. One positive sample should preferably have a value close to the assay cut-off, where stability should be secured (74). Acceptable variation, usually given as % coefficient of variation around the mean, are predefined and repeated deviations outside that range should lead to report to the laboratory manager for further actions. Internal control samples provided with assay kits can change with new lots of reagents in ways unpredictable for the clinical laboratories. Consequently, it is of great value to have enough of own kit-independent internal controls to allow continuous analysis over time covering changes between different reagent lots. It is also optimal to have internal controls from single patients (obtained from plasmapheresis), as variations between different batches of assay kits tend to be more evident with single donor controls than with pooled controls (75). However, such large quantities of single donor sera are seldom available, and laboratories often use pools of anonymized patient samples as internal controls.

External quality assessment (or proficiency testing) programs are conducted by independent bodies who dispatch samples, often 4-6 times/year to participating laboratories. The laboratories perform the prescribed analyses and return the results to the external quality assessment provider who compile the data and thereafter return back the individual assessments. Figure 1 shows an excerpt from such a report for RF from UK NEQAS.




Figure 1 | Excerpt from the response from the British External Quality Assessment provider UK NEQAS to one individual laboratory on the October 2020 distribution of rheumatoid factor. Responses had been submitted from 312 laboratories, out of which 308 were correctly positive and four incorrectly reported as negative. The histogram bars show the quantitative distribution for all participating labs, with the distribution of labs using the same commercial assay as this individual laboratory in grey. The figure is published with the permission of Dina Patel, UK NEQAS.




Variability Between Methods to Measure RF and ACPA

There is often an obvious discrepancy between quantitative results from RF measurements performed with different methods. Already one of the first studies on RF measured with nephelometry noted only a modest correlation between agglutination test titers and nephelometry (r=0.46) after excluding seronegative patients (19). Comparisons between nephelometry and turbidometry have also showed significant differences, especially in the low positive range (76), and even different IgM RF immunoassays have shown clear discrepancies depending on whether the target antigen source was human or rabbit IgG (77).

There is also a considerable variation between different ACPA tests, although they are methodologically more similar and all use citrullinated peptides or proteins bound to solid phases in immunoassays. In a comparison between six different ACPA assays targeting citrullinated filaggrin, MCV, CCP2 (three assays) and CCP3, diagnostic sensitivity ranged between 69.6% and 77.5% and diagnostic specificity between 87.8 and 96.4%. However, the areas under the ROC curves (AUC) were similar, and there was a good correlation between quantitative values for the three anti-CCP2 tests, with r values between 0.90 and 0.95 (37). In an Italian study where 11 different commercial ACPA assays were compared investigating 100 RA patients and 202 healthy and disease controls, the AUC were largest for assays using CCP2 or anti-CCP3 as antigens, but lower when other citrullinated antigens (filaggrin, vimentin, IgG, Epstein Barr virus) were used. ROC curve analyses suggested widely differing sensitivities and specificities, but when all cutoffs were adjusted to the same diagnostic specificity (98.5%), the assays with lowest AUC also showed the lowest diagnostic sensitivities; highest sensitivities were found for the anti-CCP assays. Again, there was an almost perfect agreement between assays using CCP2 and CCP3 antigens. The authors concluded that the most important variable for assay accuracy is the source of antigen and that other variations in kit preparation are secondary (38). A third study from Belgium recently investigated 594 consecutive patients seeing a rheumatologist in a real world setting, and being tested for RF and ACPA for the first time. Diagnoses were reviewed by the consulting rheumatologist, and reviewed again after one year of follow-up. The authors found large variations in sensitivity and specificity between assays, notably mainly for RF (78).

In all these studies, numerical ACPA values differed widely between assays, as there is no commonly used international standard for ACPA. Two studies have therefore compared the ratios between the values obtained for the IUIS/ASC ACPA standard and the cut-offs suggested by the manufacturers for different commercial assays. In the study describing the IUIS/ASC ACPA standard, this was done for 12 commercial methods, with a ratio between 5.6 and 28.5 (71). As this ratio differed more than five times between the extremes, it reflects a more than five time difference in recommended cut-offs, which are often implemented by clinical laboratories and which in the 2010 EULAR/ACR classification criteria are called “upper limit of normal (ULN) for the laboratory and assay” (9). Expressed differently, it means that the same sample might either get zero points (negative), 2 points (between 1-3 ULN) or 3 points (≥3 ULN) in the 2010 criteria, depending on what assay was used (9). The Belgian study referred to above also performed such calculations, and found lower degree of variability with ACPA ratios between 11.2 to 22.3, i.e. a twofold difference. When they on the other hand calculated ratios between the international RF standard W1066 and individual RF assay cutoffs, the ratios differed between 0.6 and 9.3, a 15-fold difference. Consequently, there was a large variation in sensitivity and specificity between assays, especially for RF. The authors concluded that, depending on assay used, patients might or might not be classified as having RA (78).




How Cut-Offs for RF and ACPA Are Determined

When the diagnostic performance of different autoantibody assay systems is compared, it is generally recognized to use all assays in parallel to investigate the same groups of patients and controls, primarily including disease controls with a clinical phenotype mimicking the target diagnosis. However, results are often presented with varying values both for diagnostic sensitivity and diagnostic specificity for the individual tests (78, 79), often because the authors have used the manufacturer-suggested cut-offs. As discussed earlier, when cut-off points from different assays measuring the same autoantibody are related to each other, they differ up to five times for ACPA and up to 15 times for RF (71, 78). Without knowledge about the actual shapes of the corresponding ROC curves in the important upper left part, and about cut-offs corresponding to individual points on the ROC curves, such data are very difficult, if not impossible to interpret correctly.

There is also a general trend that the cut-off values for RF tests are set at a lower specificity than for ACPA (78). This is probably at least partly due to the 1987 ACR classification criteria stating a specificity of > 95% (4) whereas the first ACPA studies evaluating ACPA levels with ELISA usually used a cutoff level corresponding to 98%-99% specificity (25, 80). Due to a rather low specificity, the positive predictive value (PPV) for RF can be very low in health care settings where RA is uncommon. In a US study performed in a teaching hospital on 563 analyses, the PPV for RA was 24% (81). In a recent Danish real-world retrospective population-based registry study on patients where ACPA and RF were ordered in 60300 patients between 2007 and 2016, 5% of the investigated patients developed RA. The PPV was higher for ACPA (30%) than for IgM RF (12%) when the cutoffs suggested by the assay manufacturers were used (82). Higher PPVs for ACPA (43%) than for IgM RF (14%) remained also when a cutoff corresponding to three times UNL was used (83). As pointed out by the authors of the American study (81), the selection of patients among whom an RF test is performed probably matters as much or more than the characteristics of the individual RF assays.

It is easier to intuitively recognize a plausible cutoff for ACPA than for RF. In Figures 2A, B we show IgG anti-CCP2 and IgM RF values both measured with the Phadia Elia system in a cohort of 268 previously described Swedish RA patients (28, 58), together with 100 healthy blood donors. All samples with levels above the measurement range were further diluted and re-assayed to obtain quantitative information for all individuals. The distribution of anti-CCP2 (Figure 2A) for the patients is clearly more bimodal and with a thinner waist than for IgM RF (Figure 2B), in agreement with studies arguing that ACPA positive and ACPA negative RA are separate disease entities with different genetic and environmental risk factors (84). The corresponding ROC curves are depicted in Figures 2C, D whereas the distributions among the healthy controls are shown in Figures 2E, F. The 95th percentile for IgM RF amounts to 4.7 international units (IU)/mL (Figure 2F), which is in agreement with the 5 IU/mL cutoff suggested by the manufacturer which, in turn, is in agreement with the 1987 classification criteria stating >95% diagnostic specificity (4). The 95th percentile for anti-CCP2 corresponds to 2.9 arbitrary units (AU)/mL, which is much lower than the 10 AU/ml cut-off suggested for clearly positive results by the manufacturer (with a suggested equivocal range between 7-10 AU/mL). In fact, if the same specificity level would apply for anti-CCP2 as for IgM RF to determine cut-off or UNL, 3 times UNL, i.e. the level resulting in three points in the most recent classification criteria (9) would be lower than the cutoff for a clearly positive reaction currently suggested by the manufacturer (red arrow, Figure 2E). The figure exemplifies the trend of generally higher diagnostic specificity for ACPA tests than for RF assays in the current practice (78).




Figure 2 | Distribution of (A, C, E) anti-CCP2 and (B, D, F) IgM RF among 268 RA patients and 100 healthy blood donors from Sweden. In (A, C). dot blots are shown with the medians depicted as horizontal solid lines. The dotted horizontal lines depict the cut-off points for clearly positive responses, as suggested by the manufacturer. In (B, D), the corresponding Receiver Operator Characteristics (ROC) curves are shown; including information about Area Under the Curve (AUC). In (E, F) the distribution of the 100 controls is depicted for anti-CCP2 and IgM RF, with vertical arrows depicting the 95th percentile among the 100 controls (95th), the company-suggested cutoffs (CC), and in  (E) the value three times higher than the 95th percentile (3x 95th, in red). Figures within parentheses show the corresponding measurement values.





Alternative Approaches to Report Results for RF and ACPA to the Physicians

We suggest that assays for the investigation of RF and ACPA should have a standardized specificity range, and that this specificity range should be rather high and rather narrow, between 98-99%. We also propose that this range should be the same for RF and ACPA to enhance comparability between the two autoantibody tests and to increase the positive predictive values of RF tests which today are very low in real-world settings (81–83). Such a defined range with an upper limit is more specific than, but not in conflict with, the 1987 ACR classification criteria which by stating >95% specificity formally do not rule out higher cut-off settings (4). In such a cut-off focused approach, the AUC of the ROC curve is of limited importance, especially in the right low-specificity range, see Figure 3. In this schematic figure the ROC curve with the largest AUC has the lowest sensitivity at the pre-defined high specificity, whereas the ROC curve with smallest AUC has the highest sensitivity at the pre-defined specificity level, given the ROC curve shape with close alignment with the y axis in the high specificity range (Figure 3).




Figure 3 | When diagnostic sensitivities are compared between different tests, they should be aligned to the same diagnostic specificity, preferably in the high specificity range. In this schematic figure, the Area Under the Curve (AUC) is highest for the red and lowest for the blue Receiver Operator Characteristics (ROC) curve. However, at the predefined diagnostic specificity (vertical dotted line) the blue ROC curve represents the test with the highest sensitivity, which should be preferred when laboratory results are reported in relation to one single cutoff. The original picture was obtained from Allan Wiik, Copenhagen, and published in modified form with his permission.



Establishment of cut-off levels in the high specificity range demands large control populations. To establish a 99th percentile cutoff with a 95% confidence interval, at least 678 controls have to be investigated (85). The establishment of these cut-off values has to be within the responsibility for the validation performed by the manufacturing companies (10), as the much smaller verification performed at each laboratory before introducing a new laboratory assay can never encompass such workload and costs. The size and complexity of such an undertaking, together with the need for carefully characterized patient populations, argues for a joint effort between diagnostic industry and the main professional bodies within rheumatology, e.g. EULAR and ACR.

We suggest that in this situation the cut-offs will remain related to healthy controls and not to disease controls, as described in the 1987 classification criteria (4) and never changed since then. Disease controls encompassing patients with differential diagnoses to the target diagnosis and consulting the clinician in the same clinical setting as the target diagnosis patients are better comparators to define which levels are clinically important in the real life situation (86). However, it is very difficult if not impossible to define or standardize RF levels in “disease controls”, even when defined by discrete diagnoses, and thereby the objective of cut-off level harmonization will not be reached. To paraphrase Leo Tolstoy, who as a novelist had the artistic freedom to simplify: healthy controls are all alike; every disease control is diseased in its own way (87).

Even with aligned specificities, this analysis result would not respond to the question asked by the rheumatologist at the patient’s bedside or in the outpatient clinic. Although sensitivity and specificity tell you what fraction of patients with RA or control individuals will have RF or ACPA respectively, the clinician frequently seeks the answer to the following question: what is the probability that the patient in front of me has RA given that I get a positive (or negative) result of the RF or ACPA tests? Or even more informative: what is the probability of disease given that the level of RF or ACPA is within a certain range? These probabilities can be calculated given knowledge on sensitivity, specificity and the risk for RA in an individual patient before autoantibody testing given the individual patient’s unique set of risk factors, or alternately at the population level, the prevalence of RA in the investigated group of patients.

It is based on Bayesian statistics based on a theorem described by the reverend Thomas Bayes in the 18th century (88) and which subsequently was incorporated into clinical decision making (89–91).

The likelihood ratio (LR; the ratio between the likelihood of a test result in patients and the likelihood of the corresponding result in controls) is not depending on prevalence, but on the patient and control groups used. By knowing the pre-test probability or prevalence and the positive LR, the post-test probability or positive predictive value can be calculated (90). In a meta-analysis of 37 studies on anti-CCP and 50 studies on RF, the pooled positive LR for anti-CCP was 12.46, and for IgM RF the corresponding figure was 4.86 (92). These figures should be understood in the context that positive LRs above 10 usually indicate large and often clinically important increase in likelihood of disease, whereas LRs between 2-5 indicate small increase in likelihood of disease (90). LRs were based on the cut-offs used in the included studies, and thus were calculated only for positive and negative reactions. More granular and richer information can however be obtained if LR are determined for different quantitative intervals of RF and ACPA, which can help the clinical rheumatologist to interpret the results in a more nuanced way. In a study from 2009, Bossuyt et al. calculated interval-specific positive LRs for anti-CCP2 (3 intervals) and RF measured with nephelometry (4 intervals). The positive LR for the highest interval was 27.7 for anti-CCP2, and 4.8 for RF; the latter roughly comparable to the positive LR for the middle interval for anti-CCP2 (93). The reasoning is further developed in (94) and in relation to individual commercial RF and ACPA tests in (78), where LRs were stratified both in relation to the company-suggested cut-offs and with all cut-offs aligned to 98.5% specificity.

Cut-off values and LRs are related. Although different commercial assays showed widely differing LRs at the cut-offs recommended by the manufacturers, the LRs became obviously more similar when the cut-offs for the different tests were aligned to the same diagnostic specificity, as has been shown both for RF (78) and ACPA (31, 78) assays.

A position paper arguing for a similar approach in the reporting of anti-proteinase 3 and anti-myeloperoxidase levels as interval-specific likelihood ratios in patients with suspected ANCA-associated vasculitides was recently published (95).

We believe that a combination of reporting ACPA and RF results with cutoffs aligned to a common high specificity range, together with reporting of interval-specific likelihood ratios will both increase the repeatability and granularity of data and thus help clinicians to better interpretation of the clinical significance of laboratory results.

We are aware that this will demand a change in clinical mindset away from viewing autoantibody occurrence as dichotomous information, to instead be interpreted on an ordinal or interval scale. This means moving from treating occurrence of autoantibodies in a binary way as when reviewing an x-ray image for fracture or no fracture, and rather interpret autoantibody data as when a clinician evaluates discrete blood pressure levels being associated with different risks for cardiovascular disease. A practical problem is that the same groups of patients and controls should be evaluated with all tests when comparing LRs between different assays.




Clinical Perspectives


Autoantibodies in Patients at Increased Risk of RA

Autoantibody patterns prior to RA onset are being increasingly investigated regarding their prognostic value in clinical practice. Although the occurrence of RA-related autoantibodies prior to symptom onset, which has been described in several previous studies using large biobanks from population surveys or blood donors (96–98) is very interesting from a pathophysiological point of view, physicians mostly encounter patients seeking care due to musculoskeletal pain. Therefore, this overview focuses on subjects with symptoms instead of asymptomatic at-risk populations such as symptom-free first-degree relatives.



Autoantibodies Before RA Diagnosis

In many countries, autoantibody status is an important determinant leading to referral of symptomatic patients from primary care to rheumatology clinics. Hence, prospective studies constituting of symptomatic patients regardless of autoantibody status are sparse. However, the clinical practice in the Netherlands, where referral of patients is predominately based on symptoms and not autoantibody results, enables such a study design. Thus, ten Brink and colleagues studied 241 arthritis-free yet symptomatic patients (99). Despite a rather strict symptom definition (small joint arthralgia, duration <12 months, and rheumatologist’s suspicion of progression to arthritis), 2-year progression to arthritis was only 10% among patients negative for anti-CCP2, RF, and anti-CarP. Increased arthritis risk estimates were apparent for all 3 autoantibody classes, but anti-CCP2 conferred the highest risk [hazard ratio (HR) 8.5], and was the only autoantibody remaining significant in multivariable analysis. Anti-CarP analysis in addition to RF and anti-CCP2 testing showed no added prognostic value (100). This study highlights the general importance of autoantibodies, given the relatively low progression rate among seronegative arthralgia patients. It also suggests that anti-CCP2 is the most powerful of the three autoantibodies to predict arthritis onset, although it should be borne in mind that 50% of ACPA positive risk arthralgia patients did not develop arthritis within 2 years. A recent study from Argentina, which prospectively evaluated patients with hand arthralgia regardless of autoantibody status, similarly found low progression rates among seronegative patients, and considerably increased risk among those positive for RF or ACPA (assay not specified) (101).

Another Dutch cohort comprising 374 arthralgia patients with either anti-CCP2 or RF, were prospectively followed for a median 32 months (102). Clinical arthritis developed in 35% and was better predicted by baseline anti-CCP2 status than by RF, although the highest risk was seen among double positive patients (HR 7.1), suggesting a dose-response relationship. A later study from the same cohort revealed significant prognostic value of anti-CarP also when considering anti-CCP2 and RF (HR 1.6) (103).

In a UK cohort enrolling patients with anti-CCP2 and non-specific musculoskeletal symptoms, 30% progressed to clinical arthritis within 3 years, which was predicted by the concurrent presence of RF or anti-CCP3, respectively (104, 105). Further illustrating the prognostic importance of ACPA, inflammatory arthritis developed in only 1.3% within one year in a large anti-CCP2 negative control population with recent-onset musculoskeletal pain (106).

A Swedish prospective cohort study on anti-CCP2 positive patients with musculoskeletal pain showed 48% progression to clinical arthritis within 6 years (107). Concurrent presence of RF doubled the risk of progression, but anti-CarP did not convey further risk in multivariable analysis. Nevertheless, HRs for arthritis development increased by the number of positive autoantibody classes.


Do Antibody Levels Matter?

More prognostic value could potentially be retrieved from autoantibody levels than from status only. It needs to be pointed out, however, that higher levels of autoantibodies often coincide with increased number of autoantibody classes present. The two cohorts studying anti-CCP2 positive patients with musculoskeletal pain found both RF and anti-CCP2 levels to be independently prognostic for arthritis development (105, 107). However, in the study recruiting patients based on symptoms only, regardless of autoantibody status, neither anti-CCP2 nor RF levels turned out to be significant predictors of arthritis (99), although statistical power was limited. Finally, when selecting symptomatic patients positive for either RF or anti-CCP2, only levels of the latter were of prognostic value (102). Taken together, it appears that in settings where symptomatic patients are enriched for seropositivity, anti-CCP2 levels are of importance, and RF levels are important when co-occurring with anti-CCP2.



Is There a Value of Repeated Autoantibody Testing in Symptomatic At-Risk Patients?

Retrospective biobank studies on asymptomatic individuals clearly indicated that greater proportions are autoantibody positive (96–98) and autoantibody levels increase (96, 97) as RA diagnosis approaches. Extrapolation of these findings to the symptomatic phase of pre-disease would make it clinically relevant to monitor autoantibody levels to predict arthritis onset. However, growing evidence from prospective studies on symptomatic at-risk patients suggest otherwise. In fact, studies published so far show that RF and ACPA (including non-classical isotypes) appear stable during the symptomatic pre-arthritic phase, both in terms of levels and seroconversion, and without apparent association with arthritis onset (99, 108, 109).

To conclude, anti-CCP2 appears to be the strongest serological predictor for arthritis development among symptomatic at-risk patients. RF confers a clear additive prognostic value, whereas diverging results are found concerning anti-CarP. This, in combination with methodological challenges and absent standardization, preclude broader use of anti-CarP at the present time. Higher baseline anti-CCP2 levels are generally associated with higher arthritis risk and, at least in the anti-CCP2-positive subset, the same holds true for RF. There are at present no indications that repeated autoantibody assessments are informative among symptomatic at-risk patients.




Autoantibodies in Diagnosis and Prognosis of RA

The diagnostic utility of ACPA in clinical practice is well recognized. For example, in the Swedish National Guidelines for Management of Musculoskeletal Diseases issued by the National Board of Health in 2012 (110), testing for anti-CCP2 antibodies was recommended in all patients with undifferentiated arthritis (i.e. patients with clinical arthritis but not sufficient findings to make a diagnosis of RA or any other established rheumatic disorder). The underlying rational was that those positive for ACPA would be more likely to develop classic RA, and should be followed by a rheumatologist. In the most recent update of these guidelines, approved in January 2021 (111), this point was thought to be well integrated in established clinical practice, and not controversial enough to be included as a central recommendation. Instead, the updated guidelines discussed the evidence for additional value of imaging over and above that of ACPA.

Due to its lower specificity, RF testing in patients with very early arthritis has not been recommended.

By contrast, in patients with persistent inflammatory polyarthritis (i.e. a high pre-test probability of developing classic RA) or in patients with a clinical diagnosis of RA, testing for both ACPA and RF has been recommended (110). This is based on the evidence for a worse prognosis in patients with seropositive RA. In particular, it is well established that both RF and ACPA are strong predictors for rapid progression of joint damage (112). It has been shown that patients with RA who are positive for RF and/or ACPA are more likely to have a gradual increase in radiographic damage scores on a level that has a clinical relevance for long term function and quality of life (113). Furthermore, severe extra-articular manifestations, such as systemic vasculitis or pericarditis, are more likely to occur in seropositive patients (114), and these severe RA phenotypes are particularly linked to high levels of RF (13).

Based on these insights, current recommendations for the management of RA state that RF and ACPA status should be taken into account in treatment decisions (115). For example, among patients who do not have sufficient therapeutic response to methotrexate, which should be the first disease modifying anti-rheumatic drug (DMARD) in most cases, addition of a biologic DMARD (bDMARD) or a targeted synthetic DMARD (tsDMARD) is recommended in those with unfavorable prognostic factors (e.g. RF/ACPA) (115). In accordance with this, most rheumatologists are more willing to escalate therapy rapidly in RF/ACPA positive patients, in particular in those who are positive for both antibodies with high levels. The potential gain from successful treatment compared to natural disease progression is thought to be greater in such patients, creating a more favorable risk-benefit ratio for aggressive anti-rheumatic therapy.

This practice likely contributes to a better prognosis in seropositive patients in recent years, and a reduced difference in the overall disease impact compared to seronegative RA. Studies of inception cohorts of patients with RA in Sweden demonstrated an association between ACPA and disease activity over time among those diagnosed in 1996-1999, but not in those diagnosed in 2006-2009 (116). Furthermore, whereas earlier studies reported a more pronounced general loss of bone mass in seropositive RA (117, 118), more recent inception cohort studies did not demonstrate any difference in change of bone mineral density over time in ACPA positive compared to ACPA negative RA (119).



ACPA and RF in Prediction of Outcome of Pharmacotherapy

There is also some evidence indicating that ACPA and RF may be useful in the prediction of response to treatment with DMARDs. Such predictive value is particularly relevant for bDMARDs or tsDMARDs, as these are mainly used as second-line agents and are substantially more costly that conventional DMARDs, such as methotrexate. However, the available evidence and the relation between serologic status and treatment outcome is highly variable for different drugs (Table 1).


Table 1 | Summary of evidence for predictive value of ACPA and RF for outcome of treatment with bDMARDs and tsDMARDs in rheumatoid arthritis.



Observational studies indicate that there is no major difference in the efficacy of treatment with tumor necrosis factor inhibitors (TNFi) between patients that are seropositive or seronegative for RF or ACPA (120–122). This is compatible with the well-established efficacy of TNFi overall not only in treatment of RA, but also for seronegative conditions such as psoriatic arthritis (PsA), psoriasis, axial spondyloarthritis (axSpA) and inflammatory bowel disease.

Regarding treatment directed against interleukin-6 (IL-6), using the monoclonal anti-IL-6 receptor antibodies tocilizumab and sarilumab, the data are conflicting. A recently published pooled analysis of data from 16 national registers showed a slightly higher proportion attaining clinical remission among seropositive patients after treatment with tocilizumab (Table 2), but seronegativity did not predict discontinuation of tocilizumab (124).


Table 2 | Adjusted differences in proportions with LUNDEX corrected clinical remission* for patients with seropositive** vs. seronegative RA, for different biologic DMARDs.



Most studies suggest that ACPA positive patients with RA are more likely to have a favorable long term outcome of treatment with the CTLA4-based bDMARD abatacept compared to ACPA negative patients (121, 123, 124). In the large observational study of pooled register data, the greatest difference in remission rate for seropositive vs. seronegative patients was observed for the B-cell depleting anti-CD20 antibody rituximab (124) (Table 2). This is in agreement with previous results from both randomized controlled trials (RCTs) (128) and observational studies (123), although the magnitude of the difference varies. As abatacept blocks T-cell activation, indirectly influencing interaction between T-cells and antibody producing B-cells, and rituximab depletes populations of active B-cells, it is not surprising that these drugs should be somewhat more effective in patients with RA that are seropositive for ACPA or RF.

Data on the tsDMARDs that block the intracellular Janus kinases (JAK), which were introduced more recently than the bDMARDs discussed above, are more limited. Results from the phase III clinical trial program of tofacitinib suggest that they may be slightly more effective in seropositive patients (130). As JAK-inhibition has a wide variety of anti-inflammatory effects, and JAK-inhibitors have been shown to be effective also in the seronegative disorders PsA and axSpA, a minor predictive effect of ACPA and RF would be expected in this context.




Discussion

We suggest that diagnostic specificities should be harmonized for RF and ACPA tests, and that both groups of assays should be aligned with comparable diagnostic specificities within a defined interval between 98-99% in comparison with healthy controls. The responsibility for establishment of these cut-offs lies with the manufacturing companies, as a large group of healthy controls is needed to establish this high specificity. Such alignment is not in conflict with the current directions for cut-off setting in RA classification.

Complementing these harmonized cutoffs with information about test result-specific likelihood ratios with substantially increase the richness and information value of autoantibody data delivered from the laboratories to the clinicians. It is however conditioned on a change in mindset as clinical physicians have to interpret autoantibody results on ordinal or interval scales. Definition of commensurable likelihood ratios postulates that all compared assays have been compared using the same patient and control populations. Establishment of a serum bank with samples from an international reference population of RA patients and controls for estimation of comparable likelihood ratios would be beneficial in this regard.

Among the RA-related autoantibodies, ACPA has the most pronounced prognostic value concerning RA onset among symptomatic risk patients. And although the risk of RA onset is low in seronegative arthralgia patients, it needs to be stressed that when a patient does present with arthritis, seronegative RA must not be forgotten. Due to lack of evidence in prospective studies, and for cost-benefit reasons, we recommend clinicians to avoid routinely repeated autoantibody measurements in risk populations.

Testing for ACPA is well established in the work-up of early undifferentiated arthritis. In patients diagnosed with RA, both ACPA and RF are associated with increased risk of severe disease progression. Initiation of bDMARDs that directly influence lymphocyte function, in particular rituximab and abatacept, is more likely to result in a major treatment response in ACPA positive patients, whereas no such difference has been observed for TNF inhibitors. Further studies of the relation between autoantibody profiles and treatment outcomes, combined with investigation of other biomarkers and genetics, may contribute to a more personalized approach to the treatment of RA in the future.
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Dating to the discovery of the Lupus Erythematosus (LE) cell in 1948, there has been a dramatic growth in the discovery of unique autoantibodies and their cognate targets, all of which has led to the availability and use of autoantibody testing for a broad spectrum of autoimmune diseases. Most studies of the sensitivity, specificity, commutability, and harmonization of autoantibody testing have focused on widely available, commercially developed and agency-certified autoantibody kits. However, this is only a small part of the spectrum of autoantibody tests that are provided through laboratories world-wide. This manuscript will review the wider spectrum of testing by exploring the innovation pathway that begins with autoantibody discovery followed by assessment of clinical relevance, accuracy, validation, and then consideration of regulatory requirements as an approved diagnostic test. Some tests are offered as “Research Use Only (RUO)”, some as “Laboratory Developed Tests (LDT)”, some enter Health Technology Assessment (HTA) pathways, while others are relegated to a “death valley” of autoantibody discovery and become “orphan” autoantibodies. Those that achieve regulatory approval are further threatened by the business world’s “Darwinian Sea of Survival”. As one example of the trappings of autoantibody progression or failure, it is reported that more than 200 different autoantibodies have been described in systemic lupus erythematosus (SLE), a small handful (~10%) of these have achieved regulatory approval and are widely available as commercial diagnostic kits, while a few others may be available as RUO or LDT assays. However, the vast majority (90%) are orphaned and languish in an autoantibody ‘death valley’. This review proposes that it is important to keep an inventory of these “orphan autoantibodies” in ‘death valley’ because, with the increasing availability of multi-analyte arrays and artificial intelligence (MAAI), some can be rescued to achieve a useful role in clinical diagnostic especially in light of patient stratification and precision medicine.
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Overview

The use of proteomic biomarkers has become a valuable and effective approach to the prediction, diagnosis, and management of individuals with a wide range autoimmune and autoinflammatory diseases (1–3). The spectrum of proteomic biomarkers used in clinical settings includes those with a long history such as C-reactive protein, those associated with the complex pathways involved in the pathogenesis of these diseases, such as anti-dsDNA and anti-citrullinated peptide antibodies (ACPA), interferons and interleukins, which reflect various interactions and responses of inflammatory cells.

To effectively utilize the huge data sets that can now be generated through autoantibody and other biomarker analytics, machine learning and artificial intelligence (AI) in the setting of precision health (PH) are major drivers for biomarker use in clinical practice (2, 4–6). For example, autoantibodies combined with other multi-analyte “omic” profiles are now beginning to form the basis of predicting disease thus allowing for disease prevention strategies and earlier and effective personalized interventions for established disease (7–10). As medical intervention continues to move toward disease prediction and a model of “intent to PREVENT” morbidity and mortality (11), futuristic diagnostics will take into consideration symptoms and risks, as opposed to an established disease and organ involvement approach. Closing the gaps in autoantibody diagnostics will involve newer diagnostic platforms that utilize emerging megatrends such as systems medicine, consumer-driven social networks, AI and deep learning all benefiting a paradigm shift to PH (2).

This manuscript will focus on autoantibodies and the various limitations and gaps that persist in their effective use in clinical practice. To achieve an understanding and appreciation of these limitations, the pathways leading to the discovery and adoption of some autoantibodies and the rejection of others will be explored.



The Virtuous Cycle of Autoantibody Discovery and Adoption

To understand why certain autoantibodies are in wide use while others lie dormant or are in very limited use, it is important to review two main overlapping pathways of the “virtuous cycle” of autoantibody innovation (12, 13). The first is the pathway of biomarker discovery and translation (Figure 1). Dating to the late 1970s (14), medical sciences witnessed the ‘golden age” of cell and molecular biology, which has in turn served as the hot-bed for autoantibody discovery (15, 16). Historically, autoantibodies were first reported in organ specific autoimmune diseases (17), then in what eventually was called the anti-phospholipid syndrome (18) and in systemic lupus erythematosus (SLE) traced to the discovery of the lupus erythematosus (LE) cell (19). This was followed by a remarkably broad spectrum of autoantibodies in SLE, other systemic autoimmune rheumatic diseases and a growing spectrum of ‘new’ clinical conditions and syndromes, some only regarded as being autoimmune for less than 10 years (20). Again, from a historical perspective, virtually all these autoantibody discoveries were in academic laboratories, but with the realization of a significant market value of autoantibody testing and patented biomarkers, research and development (R&D) divisions of in-vitro diagnostic (IVD) companies have also become an important source of these new discoveries.




Figure 1 | Pathway to Diagnostic Biomarker Translation. Biomarker development process from research and discovery to development and clinical use is a multi-faceted process with a wide range of timelines that undergoes several phases from discovery to clinical availability and utilization. CE marking is a certification mark that indicates conformity with health, safety, and environmental protection standards for products sold within the European Economic Area; the FDA, Food and Drug Administration (USA) and NMPA, National Medical Products Administration in China require, albeit some unique jurisdictional standards and timelines.



Discovery of a novel autoantibody is only the first very small step on the pathway to adoption in clinical practice (Figure 1). While initial claims of diagnostic value (clinical relevance, clinical phenotype, sensitivity and specificity) may be impressive, validation becomes the next critical step to ensure the initial claims are repeatable and followed by exploration in more depth the potential “market value” of the autoantibody (e.g., does it fill a seronegative gap, does it identify an important clinical subset, is it actionable?) Typically, at this stage of autoantibody development, a decision may be taken to patent the novel marker and derive a source of licensing revenues from industry (another onerous process that is not part of this review) and/or be entered into the publication “derby” and achieve the status of primacy (i.e., “first to publish”) and then become open to wider use. A critical step is to determine if the novel autoantibody can be detected by conventional diagnostic platforms [e.g., enzyme linked immunoassay (ELISA), addressable laser bead immunoassay (ALBIA), line immunoassay (LIA), particle-based technology (PMAT) or cell-based assays (CBA)] that are accessible to diagnostic laboratories and thereby achieve wide use. Unfortunately, some novel autoantibody discoveries depend on highly sophisticated techniques and/or protocols that are not thoroughly or clearly described thereby limiting their validation by other investigators and their potential for wide adoption. If the “first to publish” group does not pursue the research on the given biomarker, follow-up studies by other investigators are met with limited access to high impact factor journals because journal editors typically prefer something new and disruptive, and furthermore, granting councils do not see this as innovative, hypothesis-generating research. Obviously, for an autoantibody discovery to successfully find its way through the virtuous pathway of innovation, significant resources and investments are needed from granting councils, R&D budgets, philanthropic donations, and home institutions (universities, colleges, research institutes). In addition, challenges to successful navigation of the pathway come in the form of administrative overburden (“red tape”) to achieve ethical approval, material transfer agreements and intellectual property regulations imposed by academic institutions and funders alike. If a novel autoantibody fails to clear any of these steps, it tends to fall prey of the “valley of death” (21) (Figure 2).




Figure 2 | Death Valley of Biomarker Translation. Successful crossing ‘death valley’ is dependent on a number of factors and S3M1A2RT2 characteristics (Specific, Sensitive, Scalability, Measurable, Actionable, Added value, Realistic, Titratable, Temporal Timing) leading to variable timelines to Translational Success.



Autoantibodies that pass the “acid tests” described above can then proceed to the next phase of optimization wherein issues of assay development like reproducibility, sensitivity, specificity, standardization, clinical applications, cost effectiveness and competitive advantages are rigorously evaluated, typically by a IVD companies (Figure 1). Concurrently, thorough evaluation of the realistic market value of the autoantibody in clinical practice is needed because to proceed to IVD regulatory approval [European Union CE mark, Food and Drug Administration USA (FDA) approval, National Medical Products Administration (NMPA) in China, Health Canada, or other regional jurisdictions] requires tremendous paperwork and patience coupled with attention to detail. In some cases, and many times as a temporary measure, while the more rigorous CE and FDA applications are being filed and adjudicated by regulatory agencies, an autoantibody test is offered to clinicians as a “laboratory developed test” (LDT) and with that designation, a disclaimer is required to the same effect. Another approach to bridge the gap between regulatory submission and regulatory approval is to offer the test as a “Research Use Only” (RUO) assay. A limitation of the LDT and RUO approaches is that, in some health care payer systems, reimbursement may not be provided for assays having LDT or RUO status. An intermediate approach is to proceed on a formal Health Technology Assessment (HTA) pathway, which is attended by clearly defined qualifiers and qualifications. Nonetheless, the goal is to achieve the ‘nirvana’ of novel autoantibody innovation and that is full IVD regulatory approval status (e.g., CE mark in the European Union). From there through marketing, the assay is typically widely adopted and with increasing demand by clinicians, is available for clinical use. However, even with the virtuous cycle hurdle having been crossed, the assay enters into a rather competitive, if not hostile, “real world” environment of ‘dog-eat-dog’, competitive edge or what is referred to as the “Darwinian Sea of Survival” (22) (Figure 2).

Returning to the ‘death valley’ of innovation, it is important to appreciate a nuance of this metaphor because even in the “real world” of Death Valley (California, USA), while there is widespread evidence of death, there are remarkable evidences of life. Even some rocks, referred to as “wandering”, “sailing” or “walking”, seem to be ‘alive’ (23). This is to remind that although more than 90% of all autoantibodies reported in the literature never achieve IVD regulatory approval (Table 1), they should not be regarded as “dead” or having no value. As one example, although greater than 200 different autoantibodies have been described in SLE (24) less than 15 are typically utilized as biomarkers in clinical practice (Table 1). While an extensive catalogue of autoantibodies described to date is published (24, 25) a partial list of those that may warrant re-evaluation and rescue of these “orphan autoantibodies” (15, 26–28) from ‘death valley’ is shown in Table 1.


Table 1 | Snapshot of autoantibodies in use (survivors) for systemic autoimmune rheumatic diseases.





Rescuing Autoantibodies From Death Valley

While some autoantibodies appear to have perished in ‘death valley’ (Table 2), there are a number of reasons to “rescue” them. With the advent of multi-analyte arrays with algorithmic analysis (MAAA) as an approach to PH (2, 3, 66) the value of these autoantibodies may be discovered when they are combined and permutated with other biomarkers, and hence fill seronegative gaps such as in antinuclear antibody (ANA)-negative SLE (67, 68) and other systemic autoimmune rheumatic diseases (SARD) (69–73). In addition, machine learning and AI approaches may find that these autoantibodies provide value in determining subsets of disease that have a more clinically actionable basis (3). In addition, on future exploration, ‘death valley’ autoantibodies may have value predicting the evolution of very early SARD (i.e., undifferentiated connective tissue disease, UCTD) to confirmed, criteria-defined SARD. For example, 5-50% of UCTD patients or very early connective tissue disease evolve to fulfill diagnostic and classification criteria of a SARD. Of the UCTD patients that do evolve to a SARD, the majority (80%) have been reported to develop SLE, while of the reminder, some evolve to systemic sclerosis (SSc), Sjögren syndrome (SjS), rheumatoid arthritis (RA) and autoimmune inflammatory myopathies (AIM) (74–78). Some predictive autoantibodies and their temporal appearance, especially in RA, are known but longitudinal studies of very early SARD/UCTD are required and it is here that ‘death valley’ autoantibodies may find important predator/prognostic value. Recognizing this, there has been a call for more studies to identify diagnostic, prognostic (i.e., disease activity, remission, and outcomes) and biomarkers that predict earlier autoimmune disease onset, as well as biomarkers that predict effectiveness of a growing spectrum of therapeutic options [reviewed in (5, 28, 79)].


Table 2 | Death Valley Autoantibodies of Interest that might address ‘Seronegative Gaps’ in Systemic Autoimmune Rheumatic Diseases.



In addition to providing more information as predictors of SARD, it is plausible that death valley of autoantibodies also hold important value for other key functions of autoantibodies such as their pathogenic (80, 81), protective (26) and prognostic values (27, 82). For example, despite substantial advances, the high morbidity and mortality that currently characterizes SLE can largely be attributed to a delay in diagnosis, gaps in our understanding of the role of autoantibodies in early disease, and limited effective therapeutic options. SSc is another SARD with heterogeneous clinical features that is extremely difficult to diagnose in the early phase (83), resulting in a critical delay in therapy which is often begun when internal organ involvement is already irreversible (77, 78). Older classification criteria (84–86) had a remarkably low sensitivity for the early phase of disease (87) so they were replaced by the American College of Rheumatology (ACR)/European League Against Rheumatism 2013 criteria which improved the disease classification (88). Nevertheless, the diagnosis may be delayed for several years after the onset of Raynaud’s phenomenon (RP) or certainly after the first non-RP symptom. RP, ANA positivity, and puffy fingers were recently indicated as “red flags” (by the Very Early Diagnosis Of Systemic Sclerosis (VEDOSS) study)–that is, the main elements for suspicion of SSc in the very early phase of the disease (89). Confirming the diagnosis requires further tests, particularly nailfold videocapillaroscopy and evaluation of disease specific autoantibodies (Table 1). In this way, patients can be identified in the very early phase of disease enabling a “window of opportunity” whereby the physician can act with effective drugs to block or at least slow the progression of the disease (10, 81, 90–92). The principal challenge is to detect valid predictors of disease evolution to enable treatment of patients in the early stage of disease. Perhaps lying in ‘death valley’ are the key autoantibodies that can facilitate these goals.

An early and accurate diagnosis of SLE and other SARD through the use of autoantibody testing that has met SSSMAART(specificity, sensitivity, scalability, measurable, actionable, added value, realistic, titres, timely) characteristics (3) (Figure 2) will help improve SARD-associated clinical outcomes and healthcare expenditures. Clearly, not all ‘death valley’ autoantibodies should be expected to provide value because there is compelling evidence that the vast majority of autoantibodies studied to date are “indifferent” (93) or “junk” autoantibodies (15). However, as a word of caution, it should be recalled that shortly after the completion of the human genome project it was assumed that a significant portion of the human genome was “junk”, only to discover unanticipated functions of DNA were yet to be discovered (94, 95). Accordingly, we prefer the term ‘orphan” autoantibodies over “junk” autoantibodies to categorize those which have no known or proven function (2, 15, 26).

As briefly outlined above, it is well-established that there is an increasing use, awareness and focus on PH and disease prevention (2). PH applied to SARD will require paradigm shifts in the use and application of autoantibodies and other biomarkers. For example, autoantibodies combined with other multi-analyte “omic” profiles will form the basis of disease prediction allowing for earlier intervention linked to disease prevention strategies, as well as earlier, effective and personalized interventions for established disease (2, 5). As medical intervention moves to disease prediction and a model of “intent to PREVENT,” diagnostics will include an early symptom/risk-based, as opposed to a disease-based approach. Newer diagnostic platforms that utilize emerging megatrends such as AI and close the gaps in autoantibody diagnostics will benefit from paradigm shifts thereby facilitating the PH agenda.



Technology and Cooperation to the Rescue

Single autoantibody testing only provides a narrow window of the clinical picture and also does not represent the ultimate approach to an early and accurate diagnosis or following or predicting responses to therapeutic interventions. Accordingly, multi-analyte techniques for detecting multiple autoantibodies on MAAA are coming into use (28, 96). With the advent of MAAA, emerging evidence indicates that when certain combinations of biomarkers, such as the interferon signature and stem cell factor accompany autoantibody and ANA results, the predictive power for SLE is markedly increased (28). A few examples of MAAA that have emerged include the SLE-Key rule out test, (97, 98) that uses microarray technology to identify autoantibody patterns that discriminate SLE from healthy: reported 94% sensitivity; 75% specificity; 93% negative predictive value. The Avise® Lupus Test uses a parallel approach to detect autoantibodies and cell-bound complement products to distinguish SLE from other rheumatological conditions (99) and may predict disease progression in patients who had non-specific clinical signs (100). However, the relatively low sensitivity, suggests that patients with preclinical SLE could go undetected (101). And last, the VectraDA blood test, based on measuring the concentrations of 12 biomarkers that reflect the pathogenesis of RA, is designed to provide an objective measure of disease activity for RA by providing a score on a scale of 1 to 100 with high scores associated with disease progression (102). The analytical validity, clinical validity, and clinical utility of VectraDA have been reported and it is reputed to assist in monitoring clinical responses to disease-modifying anti-rheumatic drugs (102), including blockade of the CD40/CD40L pathway (103). Based on a wide range of clinical studies on VectraDA, the ACR has recently added Vectra DA as one of the methods to assess disease activity. It has also been shown to have value in following the clinical progression and remission of Adult Onset Still’s disease (104).



Avoiding Death Valley and Surviving the ‘Darwinian Sea of Survival’

It is important to consider ways in which autoantibody discovery can result in a more rapid and protective transition to an actionable biomarker with proven clinical value and availability in mainstream diagnostic testing. First, it is important to appreciate the “push” and “pull” equation of innovation (Figure 1). While autoantibody discovery continues by academics, supported by largely institutional investors (i.e., granting councils), this is only the “push” side of innovation. For an autoantibody, or any biomarker, to succeed it needs to meet a need or a demand (i.e., fill a seronegative gap; identify a disease subset with a specific actionable therapeutic choice) and, hence, have a strong “pull” component from the diagnostic industry, regulators, physicians, laboratory scientists, patient advocates, health care payers, and angel investors. Without a well-balanced push-pull ‘equation’, it is unlikely that an autoantibody will make it across the ‘death valley’ of innovation.

Second, in the discovery research phase autoantibodies must be shown to be S3M1A2RT2 (Figure 2): demonstrate Specificity, Sensitivity and Scalability, Measurable using conventional technologies, Add value to clinical management, be Actionable (lead to or suggest a clinical decision), Realistic (detection should not involve complicated processes or procedures) and address the Temporal Timing during the course of the disease (i.e. is it predictive or transient) (3). The latter is an important factor because not all autoantibodies are present at diagnosis and some do not persist throughout the disease course (105). Early attention to these factors can help assure that the autoantibody will not only survive ‘death valley’ but also the ‘Darwinian Sea of Survival’ (Figure 2).

The 'Darwinian Sea of Survival' in deference to Death Valley was a metaphor initially intended to describe the entire span of innovation (3) including the way it is used here as the end stage struggle for survival in a highly competitive market where constantly changing medical advances, technologies, clientele needs and expectations, and investment strategies are constantly being evaluated. Despite an initial phase of triumph of having successfully traversed ‘death valley’, some innovations simply do not survive in the ‘sea of survival’ because of technological advances, economic considerations (investors, managers, client’s shifting priorities) and an increasing trend to central procurement where other factors that do not include true performance of a biomarker may not be the primary factor of interest.



Diagnostic Industry Challenges

From the industry perspective, increased regulatory burden especially due to in-vitro device regulation (IVDR) is making the rescue of autoantibodies from the ‘death valley’ very challenging. This new regulation requires additional evidence about the usefulness of the biomarker beyond the clinical validity. Clinical utility studies and likely health economic studies will be especially required for novel biomarker rescue and approval. In addition, the diagnostic platforms available at a given IVD company can also have a significant impact on the success of a biomarker. While some autoantibodies are useful as a standalone marker, other autoantibodies require a panel of markers to be tested at the same time. A typical example for biomarkers that should be measured as a multi-analyte panel are myositis-specific antibodies (106).

Quality control, both during the manufacturing process, and the clinical setting, requires the availability of patient samples that can serve as calibrators of controls (106). While this is achievable for common markers (such as ACPA), it can represent a significant challenge for orphan autoantibodies (e.g., U11/U12 RNP, RNPC-3). Human or humanized recombinant antibodies represent a viable, but not yet cost-intensive alternative.

Although AI might provide new approaches to combine autoantibody results in scores that provide increased clinical value (107), this opens additional challenges from the regulatory perspective. Along those lines, the FDA just published an action plan to outline activities and areas of focus to manage software as medical devices (SaMD) that leverage AI [reviewed in (108)].



Summary

The discovery of novel autoantibodies is linked to an ever-expanding spectrum of autoimmune conditions. For a number of reasons, the vast majority of discovered autoantibodies are not currently used in routine clinical diagnostics and have become relegated to the ‘death valley’ of innovation. With the advent of PH and MAAA it seems plausible that some of these autoantibodies might be ‘rediscovered’ and become valuable predictive, prognostic and actionable biomarkers. In the meantime, successful innovation is a ‘real time’ partnership with a balance of the push and pull forces of innovation.
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Immunological therapy principles are increasingly determining modern medicine. They are used to treat diseases of the immune system, for tumors, but also for infections, neurological diseases, and many others. Most of these therapies base on antibodies, but small molecules, soluble receptors or cells and modified cells are also used. The development of immune checkpoint inhibitors is amazingly fast. T-cell directed antibody therapies against PD-1 or CTLA-4 are already firmly established in the clinic. Further targets are constantly being added and it is becoming increasingly clear that their expression is not only relevant on T cells. Furthermore, we do not yet have any experience with the long-term systemic effects of the treatment. Flow cytometry can be used for diagnosis, monitoring, and detection of side effects. In this review, we focus on checkpoint molecules as target molecules and functional markers of cells of the innate and acquired immune system. However, for most of the interesting and potentially relevant parameters, there are still no test kits suitable for routine use. Here we give an overview of the detection of checkpoint molecules on immune cells in the peripheral blood and show examples of a possible design of antibody panels.
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Introduction

In recent years, medical diagnostic laboratories have witnessed dynamic changes in the field of cellular immunodiagnostics.

Those are based on several factors such as i) improvements of flow cytometers and their software, which allows multi-parameter diagnostics with 12 and more colors even for routine laboratories, ii) deepened immunological findings, which suggest a pathogenetic relevance for numerous parameters, and iii) a variety of new therapies, which directly or indirectly affect the immune system. Those changes must be described in order to optimally care for those patients.

Normally, only “Conformité Européenne” (CE)-labeled in-vitro diagnostic medical devices (IVD) are used in patient diagnostics (1). However, due to the high dynamics in this field, the large number of antibodies, the required flexibility in the composition of combinations, and the different characteristics of the available laboratory equipment, it is not possible to use test kits to any significant extent.

Here, we will provide an overview about checkpoint molecules with diagnostic potential. This is not a complete list, but we have limited ourselves to molecules for which reliable publications are available and for which diagnostic relevance is suspected. Although the expression of checkpoint molecules on T cells is the focus of many studies, these markers can be detected on virtually all cells of the innate and acquired immune system. Therefore, we present exemplary cell populations expressing these molecules.

In order to flexibly respond to the challenges of this fast-growing number of immune markers, we set up a combination of antibodies in our laboratory that can be flexibly combined with additional markers. We show examples for several cell populations which markers we can detect this way. We know that these protocols are not provided as IVD and must be set up thoroughly. This is a challenge in clinical practice (2). For validation, recent publications give support (3). Reference values are often not known and must be established in-house (4). We present how we analyze them in a specialized routine laboratory and give examples for T-cells, monocytes, NK cells, and PMNs.

All examinations were performed in an accredited immunological laboratory according to the International Standard DIN EN ISO 15189:2012 (5). The flow cytometric measurement gave us a general overview of the distribution of peripheral blood cells (Figure 1). Antibodies applied in our investigation are listed in Table 1. For each sample, 100 µl of whole blood was incubated with an antibody cocktail specific for the desired cell populations. After surface cell staining for 15 min at room temperature in the dark, erythrocytes were lysed by incubation with lysis buffer (BD Biosciences, Heidelberg, Germany) for 10 min. Lymphocytes were then fixed with 200 µl PBS (Biochrom, Berlin, Germany) containing 1% formaldehyde.




Figure 1 | Gating strategy. The basis of all measurements in this publication is the gating strategy shown here. After exclusion of doublets (A), Neutrophils, Monocytes and Lymphocytes were identified based on the expression of CD45 and granularity (SSC) (B). Neutrophils are also defined by high CD16 and low CD14 expression (CD14-CD16+) (C). Monocytes can be categorized into 3 subpopulations, based on their expression pattern of CD14 and CD16: i) “classical” CD14+CD16-, ii) “intermediate” CD14+CD16+ and iii) “non-classical” CD14-CD16+ (D). T cells were defined as Lymphocytes expressing CD3 (E). By confronting CD4 and CD8 we then identified cytotoxic T cells (CD4- CD8+) and T helper cells (CD4+ CD8-) (F). Among Lymphocytes, those cells that express CD56 but not CD3 were defined as NK cells (G). They were further divided into a CD56dim (CD56+) and a CD56bright (CD56++) subset (H). Antibody panels used can be found in Table 1.




Table 1 | Panel description and specification of antigens, fluorochromes, clones, distributors, and quantity of antibodies used for staining of 100 µl whole blood.



For data acquisition, an eight color FACS Canto II flow cytometer (BD Biosciences) was used, equipped with a 405 nm violet laser, a 488 nm blue laser and a 647 nm red laser. All the data were analyzed using FACS DIVA (BD Biosciences) software. The expression of checkpoint molecules was given in relative values (percentages).

Finally, we give examples of checkpoint regulation in human pathologies, focusing on tumors, infection, and autoimmunity. Here, we refrain from a comprehensive presentation of PD-1 and CTLA-4 on T cells, as a broad body of data already exists in this area.



Immune Cells Relevant in Checkpoint Detection


T-Cells

T-cells derive from hematopoietic stem cells. Through several processes of maturation, there are different subpopulations that differ not only in their function within the immune system but also in expression of unique markers. T-cells express CD3 and the T-cell-receptor (TCR), as well as CD4 or CD8 (6). When considering T-cells, these both molecules will be focused on in this paper, as the detection of CD4 as well as CD8 on the cell surface is suitable to reliably identify T-cells through flow cytometry (Figure 1). We hereby state that essential T-cell subpopulations are not selectively detected in this way.

T-cell activation as well as survival and expansion are achieved through three main signals: i) interaction of TCR with antigen peptide-loaded major histocompatibility complex I or II (MHC-I/II) on antigen-presenting cells (APC), ii) interaction of CD28 on T-cells with CD80 (B7-1) expressed on APC or CD86 (B7-2) found on B-cells and monocytes, which results in a co-stimulatory signal (7) and iii) cytokines secreted by APCs that direct differentiation into T cell subsets.

Beyond that, several immune checkpoints interact with signaling pathways in T-cell activation. Immune checkpoints gained huge interest as they indicate and finally offer an opportunity to modulate the effectiveness of the human immune system. Long time established therapies to tumors or chronic diseases are often limited by severe adverse events as they come with drastic interference with the immune system. Immune checkpoints expressed on T-cells are therefore subject to many studies aiming at establishing an inhibitor. In this paper there we focus on TIGIT, LAG-3, TIM-3, PD-1, and BTLA as some common examples of immune checkpoints.



NK-Cells

Natural Killer (NK) cells are part of a heterogenous group called innate lymphoid cells (ILCs). Even though they derive from common CD34+ lymphoid progenitors, they do not express a genetically rearranged antigen receptor (8). Because NK cells uniquely express CD56 but neither CD19 nor CD3, common markers of B- and T-cells respectively, they can be easily identified using flow cytometry.

Accounting for 10-15% of all lymphocytes, NK cells can be further differentiated into two main subsets, based on the expression levels of CD56 and CD16 (9) (Figure 1). The immature CD56bright CD16+/- subset is predominantly localized in tissue and secondary lymphoid organs and produces cytokines (IFN-γ, TNF-α, GM-CSF) and chemokines (CCL2, CCL3, CCL4, CCL5). The fully mature CD56dim CD16+ subpopulation accounts for 90% of NK cells in the peripheral blood and possesses a potent cytotoxic capacity. However, contrary to earlier believes, those main effector functions cannot be unambiguously split up between the subsets. CD56dim NK cells contribute significantly to early cytokine production (10) and both CD56dim and CD56bright/CD16+ and CD16- change during cytokine stimulation (11).

NK cells kill their targets by releasing lytic granules that contain Granzymes, Perforin, Fas ligand (FasL, CD178), TNF-related apoptosis-inducing ligand (TRAIL, CD253), Granulysin and small anti-microbial peptides (12). Activity of NK cells is determined by a homeostasis of germline encoded activating and inhibitory receptors. The Natural Cytotoxicity Receptors (NCRs): NKp30, NKp44 and NKp46 as well as activating forms of KIR, 2B4 and NKG2D are some of the activating receptors expressed on NK cells. Furthermore, FcγRIIIA facilitates antibody-dependent cellular cytotoxicity (ADCC), through its ability to recognize IgG opsonized targets. While most of those activating receptors recognize ligands that are expressed by abnormal cells, many inhibitory receptors like inhibitory KIRs and CD94/NKG2A recognize classical or non-classical MHC-I molecules as signs of self. Cells under stress often change the expression of ligands for those activating or inhibitory receptors and thus the homeostasis may shift towards activation of the NK cells (12, 13).

For example, it is common for tumors and virus infected cells to escape immunosurveillance by cytotoxic T-cells through a loss of MHC-I and thus NK cells close a gap that is left by adaptive immunity (13).

Based on work in our lab, this review will focus on TIM-3, LAG-3, TIGIT and SIGLEC-7 as representatives of immune checkpoints on NK cells (Figure 2). This selection is by no means a complete representation of all immune checkpoints expressed on NK cells.




Figure 2 | Representative flow cytometric analysis of the expression of immune checkpoints (green): LAG-3 (A), TIM-3 (B), Siglec-7 (C) and TIGIT (D) on resting NK cells of a healthy donor (male, 23 years old) compared with isotype control (grey).





B-Cells

B-cells are antigen presenting cells (APCs) which form the cellular source of antibodies (14, 15). Stimulation of the B-cell receptor (BCR) with its cognate antigen initiates a cascade of intracellular signaling, leading to internalization of that antigen for processing and presentation in context of major histocompatibility complex class II molecules (MHC-II) to the T-cell receptor (TCR) of CD4+ T-cells (16–19). By interaction of the antigen peptide/MHC-II complex and the TCR, the CD4+ T-cell gets activated and secretes cytokines leading to an antibody class switch of the B-cell. Consequently, the activated B-cell differentiates into a plasma cell, which produces and secretes soluble antibodies against the matching antigen (17, 20, 21). In addition to antigen presentation and antibody production, activated B cells are also able to generate immunological memory cells and carry out regulatory functions (15, 22–25).

B-cells carry checkpoint ligands on theirs surface including PD1-L, CD80/CD86 and ICOS-L (26–28). They also express CD40 (CD154), a member of the tumor necrosis factor receptor superfamily. Its ligand CD40-L is classically expressed on CD4+ T-cells (29).

CD40 is a transmembrane protein acting as a signal transducer, which activates intracellular kinases and transcription factors as well as the production of antibodies and a variety of cytokines. Moreover, it influences apoptosis and regulates expression of surface molecules (30). Clearly, the CD40/CD40-L pathway is the most potent activator of B-cells (31, 32). It is also known that the CD40/CD40-L pathway regulates the costimulatory activity of B-cells, this directly influences T-cell activation (22, 33, 34).

In the past few years several therapeutic strategies, especially in treatment of autoimmune disease, such as rheumatoid arthritis, and lymphomas have been developed including targeting surface markers like CD20 with Rituximab and by disrupting inter- or intracellular functions, for example targeting CD40-L with Toralizumab or Ruplizumab (35–40).

Tumor-infiltrating B-cells have been identified, but their precise functional role in the tumor microenvironment (TME) is still unclear. In some studies, it was demonstrated that B-cells are tumor-promoting, others suggest that there is a positive association with improved cancer outcomes, especially when they are found in association with tertiary lymphoid structures (TISs) (41–43). In absence of requests, we not yet included B-cells in our diagnostic panels.



Monocytes

Monocytes are a subgroup of leukocytes, belonging to the innate immune system. Deriving from a myeloid progenitor cell in the bone marrow, they circulate in the blood to detect any kind of pathogens. They are able to enter tissues where they differentiate into macrophages. Depending on what stimuli they encounter, they can either differentiate into M1 or M2 macrophages. M1 macrophages are considered to promote inflammation by producing proinflammatory cytokines. M2 macrophages have a different function as they regulate and inhibit immune response by producing anti-inflammatory cytokines (44). These different macrophage phenotypes play an important role in cancer. Current studies analyze how tumor derived extracellular vesicles (EV) are able to modulate monocyte-derived macrophages phenotype and cytokine profile (45). Some studies suggest that these EVs contribute to M2 polarization and thereby promote tumor immune evasion and tumor growth (46).

Monocytes detect pathogens with their pattern recognition receptors. Identified pathogens are phagocytized, internalized, and processed into antigen fragments in a phagolysosome. These fragments activate T-cells when presented via MHC II receptors. Besides detection of pathogens, phagocytosis and antigen presentation, monocytes also have a secretory function. They produce different anti- and pro-inflammatory cytokines to regulate inflammatory responses. Therefore, they also release chemokines to lure other immune cells to the inflammatory site. Other secretory products are complement factors and growth factors (47).

Monocytes can be divided into three groups according to their surface expression of CD14 and CD16: classical monocytes are CD14++CD16-, intermediate monocytes express both (CD14+CD16+) and non-classical monocytes express high levels of CD16 and low levels of CD14 (CD14lowCD16high) (48)(Figure 1). Classical monocytes make up about 80-90% of all monocytes and promote inflammation. Intermediate monocytes account for 2-5% but show an increased proportion in several inflammatory conditions such as sepsis, various viral infection, and autoimmune diseases. 5-10% are supposed to be non-classical monocytes with a more anti-inflammatory phenotype (49).

Monocytes are important in maintaining immune balance and inhibiting excessive immune responses. When expressing negative immune checkpoint receptors on their surface they downregulate immune responses due to reduced cytokine secretion or inhibition of immune responses of other immune cells when interacting with them. In order to offer an overview of common immune checkpoints expressed on monocytic surfaces this paper attends to SIRPα, TIM-3, PD-1, TIGIT, VISTA, LILRB2 and 4 (Figure 3).




Figure 3 | Representative flow cytometric analysis of the expression of immune checkpoints (blue): LILRB2 (A), LILRB4 (B), VISTA (C), SIRPα (D), TIGIT (E), PD-1 (F), TIM-3 (G) on resting peripheral blood monocytes of a healthy donor compared with isotype control (grey).





Neutrophils

Neutrophils play a major role in immune defense against microorganisms. They are the first cells to be recruited during acute inflammation and possess a variety of effector mechanisms to generate effective immune responses (50).

In addition, the importance of neutrophils in the tumor microenvironment (TME) has become increasingly clear over the last decade. Similar to tumor-associated macrophages (TAMs), tumor-associated neutrophils (TANs) can be subclassified into an anti-tumorigenic “N1” and a pro-tumorigenic “N2” phenotype in this context (51).

It is well established that within other cell populations of the immune system co-inhibitory and co-stimulatory stimuli generated by checkpoint molecules play a crucial role in regulating and adapting immune responses. The neutrophil response to invading pathogens must also be tightly controlled in order to avert excessive inflammation and tissue damage. However, it is not certain whether immune checkpoints participate in this regulation of neutrophil responses.

Studies have shown that neutrophils express several immune checkpoints such as PD-1 (52), VISTA (53, 54) and SIRPα (55) and Siglec-7 (56). However, functions and immunological relevance remain to be characterized. Only LILRB2 expression and function on human neutrophils has been further studied.

In order to expand the knowledge of immune checkpoint expression on neutrophils, we analyzed the expression of PD-1, VISTA, TIM-3, TIGIT, SIRPα and LILRB2 on neutrophils (Figure 4).




Figure 4 | Representative flow cytometric analysis of the expression of immune checkpoints (orange): PD-1 (A), VISTA (B), TIM-3 (C), SIRPα (D), LILRB2 (E), TIGIT (F) on resting neutrophils of a healthy donor compared with isotype control (grey).





Dendritic Cells

Dendritic cells (DCs) are the most potent antigen presenting cells (APCs). They can be found in almost all tissues, where they play a central role in regulation of the adaptive immune response. DCs are uniquely able to induce primary naïve T-cell activation and effector differentiation (57, 58). In comparison to other cells in the immune system, their phenotypic and functional heterogeneity are unique. DCs show a high expression of major histocompatibility complex class II molecules (MHC-II) and CD11c. They also express a lot of other molecules which allows their discrimination into different subtypes (59, 60).

Another unique characteristic of these immune cells is the ability of cross-presentation, a presentation of extracellular antigens in the context of major histocompatibility complex class I molecules (MHC-I) to activate naïve CD8+ T-cells for immunity against a lot of tumors and viruses that do not infect APCs (61, 62).

Through pathogens, cytokines and extracellular signals, such as pathogen-associated molecular patterns (PAMPs) and damage-associated molecular patterns (DAMPs), maturation of immature DCs is triggered (63, 64). Mature DCs secrete T-cell activating cytokines, increase MHC-II and CCR7 expression and decrease their endocytic activity (65–69). In addition to increased MHC-II expression, whilst the expression of other chemokine receptors is downregulated, DCs lose their adhesive structures during maturation, achieving the ability to migrate from the periphery to secondary lymphoid organs, where their antigens are presented to T-cells (70, 71).

Many T-cell immune checkpoint receptors have their ligands on APCs. Manipulation of DCs through checkpoint blockade hold great potential for avoiding T-cell anergy and inducing efficient antitumor immunity (72).

Programmed cell death 1 ligand 1 (PD-L1 also called B7-H1 or CD274) and PD-L2 (B7-DC or CD273) are expressed by DCs and other APCs. They inhibit cytokine production (IFN-γ, IL10) and proliferation of activated T-cells, which upregulate the inhibitory receptor programmed cell death 1 (PD-1) (73, 74). DCs with high expression of PD-L1 and PD-L2 can be found in the tumor microenvironment (TME) where engagement with the co-inhibitory receptor PD-1 limit the activity of effector T-cells (75–77). Blocking the interaction between PD-L1 and PD-1 as a tool in cancer immunotherapy has demonstrated therapeutic efficacy in several cancer types (78–80). Various studies showed remarkable anti-tumor effects in targeting PD-L1 in solid tumors with the engineered humanized antibody MPDL3280A (Atezolizumab), especially when PD-1 was expressed by tumor-infiltrating lymphocytes (TILs). However, the response rate has also been limited in several solid tumors (74, 78, 80).

CD80 is a member of the B7 superfamily and is expressed by DCs and T-cells too. On DCs it acts as a positive regulator after binding by CD28 and as a negative regulator when interacting with CTLA-4 on T-cells (81, 82). The checkpoint molecule CTLA-4 binds CD80, as well as CD86, with greater affinity and in a multivalent fashion compared to the co-stimulatory receptor CD28, which leads to the limitation of co-stimulatory signaling and thereby T-cell activation (83). Interestingly, PD-L1 of DCs additionally bind CD80 on T-cells and thereby inhibit T-cell responses (84). This means that there is a dual inhibitory effect of PD-L1 expression: first interaction between PD-L1 and PD-1 and second interaction between PD-L1 and CD80. Therapies with monoclonal antibodies against PD-1 in the treatment of cancer such as Nivolumab affect only the PD-L1/PD-1 pathway (79, 85). This alone may not lead to overcome anergy, but an anti-PD-L1 monoclonal antibody specific to the interaction between PD-L1 and CD80 seems to be able to prevent T-cell tolerance (86, 87). Further studies are required to determine whether monoclonal antibodies against PD-L1 or PD-1 are more effective. Expression of PD-L2 in tumor tissues and correlation to therapy failures targeting PD-1 are less well studied than PD-L1, but specific antibodies against PD-L2 could disrupt T-cell inhibition (88).

Inducible T-cell costimulatory-ligand (ICOS-L or CD275) expressed by DCs is a member of the B7 family of costimulatory ligands which has a sequence homology to CD80/CD86 and is important for T-cell regulation (89, 90). Blockade of ICOS-L disrupts binding to ICOS (CD278), which is an activating co-stimulatory checkpoint receptor up-regulated upon early T-cell activation (89, 91). ICOS is homologous to CD28 and CTLA-4, they all control T-cell activation and cytokine production (89, 91, 92). Interestingly, ICOS furthermore adjusts the immunological memory by CD40/CD40L dependent antibody class switching (93, 94). ICOS can be found in tumors of different cancer types like ovarian cancer and liver cancer, also expressed by TILs in CTLA-4 treated melanoma patients (95–97). The dual role, antitumor and protumor, could be a key for enhancement of antitumor immune responses by targeting the ICOS/ICOS-L pathway. There are several clinical trials with monoclonal antibodies against ICOS, for example with MEDI-570 (ClinicalTrials.gov: NCT02520791, NCT01127321) and JTX-2011 (Vopratelimab, NCT04319224, NCT02904226, NCT03989362, NCT04549025). Both promise potential in immune checkpoint inhibitory and antineoplastic activities by binding and blocking ICOS expressed on CD4+ TILs and thereby disrupt the binding on ICOS-L expressed by DCs. This prevents DC-induced proliferation and accumulation of regulatory ICOS+ T-cells and would also inhibit IL-10 production by CD4+ TILs.

For the development of anti-cancer therapies a greater understanding of DCs and their immune checkpoint ligands is needed. For example, combinations of DC vaccination and different immune checkpoint inhibitors hold great potential to activate naïve T-cells and induce immune memory responses in different cancer types on one hand and to activate effector T-cells in the TME on the other hand.

We have not yet included dendritic cells in our diagnostic panels.




Immune Checkpoint Molecules

For this review, we focused on checkpoint molecules for which we have established flow cytometric detection methods for several reasons (Figure 5). For most of our results, we were able to find further references in the literature. It was not possible for us to establish all the described detections, and we omitted PD-1 and CTLA-4 on T cells due to the broad data available.




Figure 5 | Schematic overview of immune checkpoints expressed on innate and adaptive immune cells. Only immune checkpoints included in our panels (Table 1) are shown. This selection is by no means a complete representation of all immune checkpoints.




PD-1

An immune checkpoint that has already been integrated as a target in broad fields of clinical therapy is Programmed cell death 1 (PD-1). It is predominantly expressed on activated CD4+ and CD8+ T-cells. Moreover, it can be found on B-cells, NKT-cells, dendritic cells, and monocytes (98). There are conflicting reports on whether or not human NK cells express PD-1 (98, 99). So far, the FDA has approved three PD-1 inhibitors: Nivolumab, Pembrolizumab and Cemiplimab as well as three PD-L1 inhibitors: Atezolizumab, Avelumab, Durvalumab (100).


T-Cells

We too found that PD-1 is expressed on CD4+ and CD8+ T-cells of healthy adults with a percentage of about 33% and 31% respectively in unstimulated whole blood.

Interactions between PD-1 and its ligand PD-L1 keep cellular immunity from overreacting, maintain peripheral tolerance, and suppress the development of autoimmunity (101). However, T-cells that overexpress PD-1, exhibit low proliferation and cytokine production as well as low levels of cytokine release. They are described as so-called “exhausted” T-cells. Such an overexpression may result from permanent activation of the cellular immune system through chronic viral infection (102, 103). CD8+ tumor-infiltrating lymphocytes that express high levels of PD-1 have also been shown to be functionally impaired (104). Accordingly, both increased frequency of CD8+ PD-1+ T-cells and high PD-L1 expression levels can be looked at as negative prognostic factors in tumors like ovarian cancer (105).



Monocytes

PD-1 is expressed in low levels on monocytes (106) and can be upregulated upon toll-like receptor (TLR) stimulation (107, 108). As a negative immune checkpoint PD-1 inhibits activation of monocytes and thus reduces cytokine secretion, antigen presentation and phagocytosis. On one hand this mechanism prevents an overactivation of the immune system but on the other hand it leads to a reduced immune response in acute and chronic inflammatory conditions like sepsis, endocarditis, HIV (107, 109, 110) or cancer. We were not able to detect PD-1 on monocytes with our panel (Table 1).




CTLA-4

Cytotoxic T lymphocyte antigen 4 (CTLA-4) (CD152) is an important member of the immunoglobulin-superfamily (111, 112). This family also includes CD28 and ICOS (stimulatory receptors) as well as PD-1, BTLA and TIGIT (inhibitory receptors). CTLA-4 downregulates the immune response after ligand binding. This inhibitory receptor and CD28 are homologous receptors expressed by CD4+ and CD8+ T-cells (113). Both share a pair of ligands: B7.1 (CD80) and B7.2 (CD86), which are expressed on the surface of antigen presenting cells (APCs) such as dendritic cells and B-cells (114). One dimer of CD28 can only bind one B7 dimer (one to one). One CTLA-4 dimer however, can bind two different B7 dimers, making the cross-linking bond much stronger than the single bond between CD28 and B7 molecules which leads to a much higher affinity and avidity (112, 115). This suggests that CTLA-4 preferentially interacts with B7 molecules and thereby aids in the limitation of immune response as a competitive inhibitor of CD28.

Binding of CTLA-4 to B7 molecules finally depends on their surface availability, which is a prerequisite for the receptors function as a negative regulator of proliferation and T-cells effector functions. Around 90% of CTLA-4 can be found in intracellular vesicles in FoxP3+ regulatory T-cells (Treg) or on the intracellular membrane of conventional T-cells. T-cell receptor signaling leads to activation, whereby CTLA-4 is rapidly expressed through exocytosis on the cell surface (81, 82). After binding of CTLA-4 to B7 it then interacts intracellularly with the tyrosine phosphatase SHP-2 and the serine/threonine phosphatase PP2A to inhibit T-cells (116, 117).

By using a flow cytometry assay Qureshi et al. observed a substantial transfer of CD86+ vesicles into CTLA-4+ cells. Their results indicate that CTLA-4 has a cell intrinsic function and seems to be able to capture and deplete its ligands by trans-endocytosis and thereby extrinsically inhibit T-cell activation via CD28 (118). Ipilimumab is the only FDA approved CTLA-4 inhibitor available to date (100).



VISTA (VSIR, Gi24, Dies-1, PD-1H, B7-H5, C10orf54, SISP1, and DD1α)

V-domain Ig suppressor of T-cell activation (VISTA, also known as VSIR, Gi24, Dies-1, PD-1H, B7-H5, C10orf54, SISP1 and DD1α) was first described in 2011 as a new member of the Ig superfamily that has an inhibitory effect on T-cell activation (54).

VISTA is a type 1 transmembrane protein that consists of a single extracellular Ig-V domain, a stalk region, a transmembrane segment, and a cytoplasmic region without any signaling domains (ITAM, ITIM or ITSM motifs) (54). However, the cytoplasmic domain contains a Scr homology 2 (SH2)-binding motif, three C-terminal SH3-binding domains and multiple casein kinase 2 and phosphokinase C phosphorylation sites for signal transduction (119, 120). Structurally VISTA is associated with the B7-CD28 family and closest related to its members PD-L1 (regarding the Ig-V domain) or to PD-1 (regarding the cytoplasmic domain) (54, 121). Yet VISTA has several sequence features, which have not been identified in any other B7 family member, e.g., four additional invariant cysteines of which three are located within the Ig-V domain and one within the stalk region (54, 122).

VISTA is an important regulator of immune homeostasis and anti-tumor immunity. Within the immune cell compartment VISTA is mainly expressed by myeloid cells (neutrophils, monocytes, macrophages, and dendritic cells). Naïve T-cells and CD4+ T-cells express VISTA at lower levels, CD8+ T-cells, Foxp3+ Treg and CD56dim NK-cells show a minimal yet detectable expression, while CD56bright NK-cells and B-cells are mostly VISTA negative (53, 54, 123).


T-Cells

VISTA functions as both, a receptor and a ligand depending on cellular context. Expressed by antigen presenting cells (APCs) and regulatory T-cells (Treg) VISTA as a ligand inhibits T-cell proliferation, cytokine and chemokine production, i.e., IFN-γ, IL-10, IL-17, IL-23 (54, 121, 124). The correspondent receptor on T-cells remains to be characterized. Expressed by conventional T-cells VISTA functions as a suppressive receptor. Antigen-specific T-cell responses are down-regulated through cell intrinsic signaling (121). Wang et al. identified V-set and Ig domain containing 3 (VSIG-3, IGSF11) as a potential ligand for VISTA (125). In addition to its inhibitory role, VISTA also has a co-stimulatory effect. Bharaj et al. described that in context of HIV, antigen-presentation by monocytes with high VISTA expression levels resulted in increased cytokine secretion by HIV-specific T-cells (126).



Monocytes

Lines et al. examined circulating blood cells by flow cytometry staining them with an anti-VISTA monoclonal antibody. They demonstrated that especially the myeloid compartment shows strong VISTA expression, and that VISTA appears to be expressed by all monocyte subsets: classical (CD14++CD16-), intermediate (CD14+CD16+) and non-classical (CD14-CD16++) (53). Several groups analyzed the impact of VISTA on innate immune cells in cancer, autoimmune and inflammatory diseases (54, 126–129).




TIM-3

T cell immunoglobulin and mucin domain-containing protein 3 (TIM-3) is an inhibitory receptor and a transmembrane protein. It was originally described on T helpers cells type 1 (Th1) and cytotoxic T cells type 1 (Tc1) (130). TIM-3 has an extracellular IgV domain and a mucine stalk which consists of an N- and O-linked glycosylation site. The intracellular tail has tyrosine residues. The ligands galectin-9 and HMGB1 bind to TIM-3, which leads to a phosphorylation of two conserved tyrosine residues. The ligands Ceacam-1 and galectin-9 bind to different regions in the IgV domain but both ligands lead to the same phosphorylation of two tyrosine residues which are required for the functional activity of TIM-3 (131, 132). Another ligand, HLA-B-associated transcript 3 (Bat3), binds to the intracellular tail of TIM-3 and leads to a repression of TIM-3’s function. Bat-3 prevents TIM-3 dependent cell death and exhaustion. It saves Th1 cells from galectin-9 mediated cell death and stimulates proliferation and pro-inflammatory cytokine production (132). TIM-3 is part of the TIM gene family as well as Tim-1 and Tim-4. Besides T-cells it is expressed on NK-cells, monocytes, macrophages and DCs (133).


T-Cells

In our own laboratory we observed very low expression levels of TIM-3 on both unstimulated CD3+CD4+ and CD3+CD8+ T-cells. After stimulating the T-cells with CD3/28 for 24 hours the expression of TIM-3 was upregulated. This is shown in Figure 6 for CD3/28 stimulated T cells.




Figure 6 | Representative flow cytometric analysis of TIM-3 expression on T helper cells (CD4+) (A) and cytotoxic T cells (CD8+) (B). Comparison of unstimulated (left) and CD3/28 stimulated results after 24h (right) (healthy donor, male, 23 years old).





NK-Cells

NK-cells are the lymphocyte population with the highest surface expression of TIM-3. CD56dim NK-cells express the checkpoint with higher frequency than CD56bright NK-cells (72% ± 5% vs. 53% ± 6% [P <.001, n = 20]) and TIM-3’s surface expression also appears to be slightly denser on the mature subset (134) (Figure 7). Stimulation with IL-2, IL-12, IL-15, and IL-18 results in an up-regulation of TIM-3 (134, 135). TNF-α was also reported to increase surface expression through an NF-κB signaling pathway (136). Eomes and T-bet, two transcription factors, play an important role in regulating TIM-3 on T-cells. In NK-cells regulation through T-bet appears to be more important (134, 137). While TIM-3 was described as a marker of exhaustion in the context of advanced melanoma (138) and other advanced tumors (139), TIM-3+ NK-cells from healthy donors do show functional diversity thus suggesting that TIM-3 cannot be looked at as an independent exhaustion marker in NK-cells (140). There have been conflicting reports on TIM-3’s function in the context of NK-cells. Gleason et al. reported that engagement of TIM-3 increased IFN-γ production (134). They proposed activation of ERK followed by degradation of IκBα as the responsible signaling pathway. Others reported TIM-3 to be an inhibitory receptor capable of restricting NK-cells potential to lyse target cells and to produce IFN-γ (135, 138). Gleason et al. discussed the possibility that the receptor could very well function both as activator and as inhibitor. This could be realized through phosphorylation of different tyrosine residues in the cytoplasmic tail, which then could lead to distinct adaptor proteins being recruited, ultimately resulting in different pathways. They named the surrounding microenvironment and ligand-dependence (as is the case with Tim-1) as possible factors that can decide which distinct receptor function is triggered (134). In contrast to T-cells, chronic activation of TIM-3 does not result in apoptosis (138).




Figure 7 | Representative flow cytometric analysis of the expression of the immune checkpoint TIM-3 on resting NK cells of a healthy donor (male, 23 years old) compared with isotype control.





Monocytes

TIM-3 is constitutively expressed on unstimulated peripheral blood CD14+ monocytes. Zhang et al. (108) used flow cytometry to analyze PBMCs from healthy humans for TIM-3 surface expression on naïve and stimulated monocytes. They further examined intracellular expression of IL-12, -10, -6, and TNF-α, proinflammatory cytokines produced by monocytes. They showed that unstimulated monocytes with low or nearly no cytokine expression, express TIM-3 at relatively high levels. This indicates TIM-3’s inhibitory role in monocytes. During the first 24h after stimulation with 5µg/ml LPS they observed a rapid reduction of TIM-3’s expression, that resolved slowly after 48h. Additionally the LPS mediated decline in TIM-3 expression correlated inversely with IL-12 release. To verify that this effect is due to TIM-3 expression on monocytes, its expression was blocked with a monoclonal antibody confirming the increase of TLR-mediated IL-12 production in monocytes. Thus, downregulation of TIM-3 might play an important role in inflammatory conditions.

Other studies show similar results for TIM-3 expression under TLR Stimulation. Ma et al. (141) stimulated monocytes with 1 µg/ml LPS for 1-6 h. TIM-3’s surface expression was at first reduced and almost not existing after 6 h of stimulation.

Anderson et al. generated an antagonistic antibody of TIM-3 showing a rapid reduction in galactin-9 mediated TNF-α production in monocytes suggesting that TIM-3 could promote production of pro-inflammatory cytokines such as TNF-α in monocytes (142). Therefore, it may be an important therapeutic target in inflammatory diseases. Interestingly, these results are in contradiction with the results of Zhang et al. (108). Further studies are needed to evaluate influence of TIM-3 on cytokine production in monocytes.



Neutrophils

To our knowledge, no studies have been performed on TIM-3 expression on neutrophils. We could not detect any relevant TIM-3 expression on neutrophils in unstimulated whole blood (Figure 4).




LAG-3

The first description of Lymphocyte-activation gene 3 was in 1990 on activated NK- and T-cells (143). Furthermore, LAG-3 can be detected on B-cells (144) and dendritic cells (145). LAG-3 contains 4 extracellular domains. There are strong internal homologies between domain 1 and 3, as well as domain 2 and 4. The peptide sequence and the general organization of the molecule lead to the assumption that LAG-3 is closely related to CD4. Furthermore, they both share a location in the distal part of chromosome 12 (143). The cytoplasmic tail of LAG-3 has a unique KIEELE motif (131). There is a correlation between the expression level and the inhibitory function of LAG-3. An FXXL motif in the membrane-proximal region and a C-terminal EX repeat transduce two inhibitory signals of LAG-3 which inhibit IL-2 production. They are independent from each other. LAG-3 could be another target for combinatorial therapy because other inhibitory co-receptors do not use these motifs (146). Major histocompatibility complex class II (MHC-II) is the main ligand of LAG-3. Fibrinogen-like protein (FGL1) is a liver secreted protein which inhibits antigen-specific T-cell activation. It is another functional ligand of LAG-3 and works independently from MHC-II. The removal of FGL1 promotes T-cell immunity (147). LSECtin, a Type-II transmembrane protein of the C-type lectin-superfamily is also able to interact with LAG-3 and thus cause inhibition of INF-γ production by effector T-cells. LSECtin is expressed in the liver but can also be found in tumor tissues like melanoma (148).


T-Cells

In our own experiments, we did not observe LAG-3 expression on unstimulated CD3+CD4+ or CD3+CD8+ T-cells. Expression on both subsets increased after 24h of stimulation with CD3/28. In Figure 8, effect of CD3/28 stimulation of T-cells is shown.




Figure 8 | Representative flow cytometric analysis of LAG-3 expression on T helper cells (CD4+) (A) and cytotoxic T cells (CD8+) (B). Comparison of unstimulated (left) and CD3/28 stimulated results after 24h (right) (healthy donor, male, 23 years old).





NK-Cells

Lymphocyte activation gen (LAG)-3 was described as undetectable on resting but expressed on activated NK-cells (143) (Figure 9).




Figure 9 | Representative flow cytometric analysis of LAG-3 Expression on NK cells. Comparison of unstimulated NK cells after 48h of co-incubation with complete medium (left) and stimulated NK cells after 48h of co-incubation with 10ng/ml IL-15 (right). (healthy donor, female, 65 years old).



Our understanding of LAG-3’s functional role on NK-cells is still developing. NK-cells from homozygote LAG-3-/- mice show reduced cytotoxic activity against different tumor cell lines but remain able to lyse MHC class-I deficient targets (149). However, when Huard et al. used two different monoclonal antibodies (mAbs) or a soluble form of LAG-3 to inhibit interaction between LAG-3 and its ligand MHC class II, they did not observe any changes in their cytotoxic activity against different targets. They therefore concluded that LAG-3 is not involved in the regulation of NK-cell cytotoxicity. However, they did not investigate whether LAG-3 could impact cytokine secretion in any form (150).




TIGIT (VSig9, Vstm3, WUCAM)

TIGIT, which stands for “T-cell Ig and ITIM domain”, was first described in 2009 (151–153). The member of the Ig superfamily consists of a single extracellular immunoglobulin domain, a type 1 transmembrane region and a cytoplasmatic tail with a single immunoreceptor tyrosine based inhibitory motif (ITIM) and an immunoglobulin tail tyrosine (ITT)-like motif. It is expressed by activated T-cells, Treg, memory T-cells, and NK-cells (153).

All known TIGIT ligands are Nectins and Nectin-like molecules (Necls), which are cell adhesion molecules. CD155 (a.k.a. Poliovirus receptor [PVR], Necl-5) shows the highest affinity, while CD112 (a.k.a. PVRL2, Nectin-2) only binds with low affinity. Yu et al. also reported CD113 (a.k.a. PVRL3) to be a TIGIT ligand which Stanietsky et al. were not able to confirm (152, 153). Recently Nectin4 has been identified as an additional TIGIT-ligand (154). CD155 is expressed on T, B, NK and NKT-cells, DCs, macrophages, granulocytes, and monocytes as well as on non-hematopoietic cells like endothelia and epithelia cells or on cells of the central nervous system (155). Furthermore, CD155 can be overexpressed in human malignancies like primary lung adenocarcinoma (156), pancreatic cancer (157), primary melanoma and metastasis of melanoma (158). In all those cases overexpression correlates with poor prognostic factors. Patients with different types of cancer also show increased levels of soluble CD155 in their serum (159). CD112 is expressed on macrophages, DCs, granulocytes and monocytes (155) but also on malignant cells like acute myeloid leukemia (AML) blasts (160). Nectin4 expression in various healthy tissues ranges from weak to moderate but can be highly expressed in tumors like bladder-, breast- or pancreatic cancer (161). In patients with gastric cancer, overexpression of Nectin4 was associated with poor prognostic factors like, low differentiation, primary tumor size, lymph node metastasis and higher TNM staging as well as shorter overall survival (162).

Both CD155 and CD112 are also recognized by the activating Receptor CD226 [a.k.a. DNAXaccessory molecule-1 (DNAM-1)] (163). CD96 (a.k.a. T-cell activated increased late expression [Tactile]) also binds CD155, but its functional role in humans is not well characterized (164). Due to its higher affinity, TIGIT (Kd = 1-3 nM) can block interaction between CD155 and CD266 or CD155 and CD96 (153). To add even more complexity to this regulatory network, CD112R [a.k.a. poliovirus receptor related immunoglobulin domain containing (PVRIG)] is another inhibitory receptor, that also binds CD112 as its ligand (165). Nectin4 interacts with TIGIT but not with CD266, CD96 or CD112R (154).


T-Cells

In healthy individuals, about 13% of CD4+ and 24% of CD8+ T-cells express TIGIT in unstimulated whole blood samples.

TIGIT competes with CD226 for the common ligand CD155. The higher affinity favors the inhibitory counterpart, which results in reduced T-cell proliferation and cytokine production. This is transmitted through a reduced expression of T-bet (T-box expressed in T-cells), IRF4 (Interferon regulatory factor 4), and RORc (retinoic acid receptor [RAR] related orphan receptor gamma) (166).

TIGIT is upregulated on dysfunctional CD8+ cells that can especially be found in the tumor microenvironment. For example, CD8+ TIGIT+ T-cells were found in patients with multiple myeloma. The ability of those cells to proliferate and degranulate inflammatory cytokines was shown to be insufficient (167).

Dual blocking TIGIT and PD-1 can partly restore the capacities of CD8+ T-cells (168, 169). Further studies that aim at establishing an anti-TIGIT monoclonal antibody (mAb), are at different stages of testing. With PD-1 and TIGIT both being expressed on the T-cell surface (170), measurement is possible through cell surface staining with antibodies in flow cytometry (Figure 10).




Figure 10 | Representative flow cytometric analysis of the expression of immune checkpoints TIGIT and PD-1 on unstimulated whole blood T lymphocytes of a healthy 41-year-old female.





NK-Cells

Stanietsky and colleagues were the first group to establish TIGITs role as an inhibitory receptor on natural killer (NK) cells (152).

Its expression on NK-cells shows a big interindividual variance, ranging from 20% to up to 90% (mean, 62.57%), with TIGIT expression being higher on CD56dim than CD 56bright NK-cells (171) and Figure 11.




Figure 11 | Representative flow cytometric analysis of the expression of the immune checkpoint TIGIT on resting NK cells of a healthy donor (male, 23 years old) compared with isotype control.



Interaction between PVR and TIGIT results in phosphorylation of Tyr225 in the ITT-like motif by Src family kinases Fyn or Lck initiating two known signaling pathways:

	i)cytosolic adaptor protein Grb2 binds to phosphorylated TIGIT (pTIGIT) and recruits SH2-containing inositol phosphatase 1 (SHIP1). SHIP1 then inhibits PI3K by hydrolysis of PI(3,4,5)P3, inactivating its downstream effectors including parts of the mitogen−activated protein kinase (MAPK) pathway, ultimately resulting in a disruption of the polarization of granules toward the immunological synapse between NK and target cells, almost blocking NK-cell-mediated cytolysis (172).

	ii) adaptor protein β-arrestin 2 binds to pTIGIT and recruits SHIP1. SHIP1 suppresses auto-ubiquitination of TRAF6 which then impairs activation of NF-κB. In consequence, secretion of IFN-γ by NK-cells is inhibited (173).



Based on research with mice, He et al. proposed that TIGIT could also play a role in the process of NK-cell education, that is separate from the MHC-I dependent education pathway and that also does not relay on involvement of CD226 (155).



Monocytes

TIGIT expression on monocytes is controversial and unclear. There are studies negating the expression on resting and activated monocytes (153). However, studies by Luo et al. describe TIGIT expression on a small percentage of monocytes in healthy individuals and showed that there might be a tendency for a higher percentage of TIGIT expressing monocytes in autoimmune diseases such as rheumatoid arthritis and systemic lupus erythematosus (174, 175).

In our experiments we detected low TIGIT expression on monocytes compared to isotype control in healthy individuals (Figure 3). Further studies are needed to create a consistent picture of the TIGIT expression on monocytes.



Neutrophils

To our knowledge, no studies have been performed on TIGIT expression on neutrophils. We show that TIGIT is expressed at a low level on neutrophils in unstimulated whole blood (Figure 4).




SIRPα (CD172a, PTPNS1, MFR, p84, BIT, SHPS-1)

Signal regulatory protein alpha (SIRPα) was first described in 1996 as a novel membrane-associated glycoprotein and potential substrate for Src homology 2 (SH2)-containing protein tyrosine phosphatases, SHP-1 and SHP-2 in rat fibroblasts (176).

SIRPα contains three Ig like domains – one N-terminal V-set domain and two C1-set domains, a transmembrane segment and a cytoplasmic region with two ITIM motifs containing four tyrosine residues (176–178).

SIRPs form an own family of paired receptors. SIRPα, β1 and γ share structurally closely related extracellular regions but show diversity within their transmembrane and cytoplasmic regions and thus facilitate different intracellular signals. SIRPα has an inhibitory effect, SIRPβ1 has an activating effect and SIRPγ has no signaling function [reviewed in (179)].

CD47 (also known as Integrin-associated protein, IAP) was identified as a ligand for SIRPα (180). CD47 and SIPRα however are not restricted to interact with each other but are both known to have alternative binding partners. SIRPα is involved in inhibiting alveolar macrophage phagocytosis through interaction with lung surfactant proteins SP-A and SP-D (181) while CD47 interacts with several integrins and functions as a receptor for thrombospondin-1 (182, 183). This review focuses on the SIRPα-CD47 axis.

As CD47 is ubiquitously expressed including erythrocytes and thrombocytes, it was initially characterized as a ‘marker of self’ (184). Also, senescent erythrocytes have shown to undergo CD47 conformational changes leading to engulfment by splenic macrophages (185). Consequently, CD47-SIRPα interaction was classified as a ‘do not eat me’ signal preventing inadequate phagocytosis.

The interaction between SIRPα on macrophages and CD47 leads to phosphorylation of SIRPα’s ITIM motifs involving recruitment of SHP-1 and SHP-2. Subsequently, accumulation of non-muscle myosin IIA at the phagocytic synapse is inhibited compromising contractile engulfment (186).

Within the immune cell compartment SIRPα is highly expressed by myeloid cells (macrophages, monocytes, granulocytes, dendritic cells) while T-cells, B-cells and NK-cells do not show any relevant SIRPα expression (55).


Monocytes

Adams et al. analyzed the SIRPα expression on rat monocytes finding high surface expression levels (177).. Seiffert et al. showed similar results in a study on cells from healthy human donors. They incubated monocytes with agonistic anti-SIRPα monoclonal antibodies and observed the expression using flow cytometry. Compared to other hematological cells, monocytes had the strongest SIRPα expression (55). Smith et al. confirmed the constitutive SIRPα expression on monocytes using flow cytometry as well (187).




BTLA

B and T lymphocyte attenuator (BTLA) is an inhibitory receptor expressed by B- and T-cells (188). It is a cell surface molecule (189). BTLA is an immunoglobulin domain containing glycoprotein and has two immune receptor tyrosine based inhibitory motifs (190).

It has been indicated that BTLA is recognized by B7x which is an orphan B7 homolog (191). Other studies reported herpesvirus entry mediator (HVEM) as another ligand for BTLA. The extracellular immunoglobulin domain of BTLA is connected with the membrane distal cysteine-rich domain (CRD1) of herpesvirus entry mediator (HVEM) (192). HVEM is part of the TNFR superfamily, a type 1 membrane protein with a N terminal extracellular region. The cytoplasmic segment is closely associated with TNFR- associated factors (TRAFs) and in addition with STAT3 signaling pathways (193, 194).


T-Cells

There is no expression of BTLA on naive T-cells. The expression of BTLA is induced in activated T-cells and remains on T-helper type 1 Th1 but not on Th2 cells. Activation of BTLA leads to phosphorylation of its tyrosine and linkage to Src homology domain 2 (SH2). Furthermore, it lessens the CD3 induced Interleukin 2 (IL-2) production. BTLA reduces the proliferation of T-cells (190).

Complementarily to its inhibitory function, other studies show an activating feature. BTLA on CD8+ dendritic cells acts as a trans-activating ligand and delivers positive co-signals through HVEM expression in T-cells. HVEM-BTLA interaction triggers a bidirectional co-signaling system in virus defense by amplifying the differentiation of memory CD8+ T-cells (195).




Siglec-7

Sialic acid-binding immunoglobulin-like lectin 7 (Siglec-7, a.k.a. p75/AIRMI, CD328) was first identified in 1999 by Falco et al. (196). They called this 75-kD glycoprotein p75/AIRM1 (adhesion inhibitory receptor molecule 1). In the same year, Nicoll et al. correctly categorized it as a member of the Siglec family (56).

This family of surface transmembrane receptors belongs to the immunoglobulin superfamily and consists of 14 members that have been identified in humans. They can be further divided into one group of Siglecs that are conserved across mammals and a second group, the CD33-related Siglecs, whose members vary among mammals. Siglec-7 belongs to the latter.

All Siglecs bind sialylated glycans but each with a distinct preference. Sialylated glycans can be found on all mammalian cells and are thus regarded as markers of self. They form in the golgi apparatus where different sialyltransferases transfer sialic acids to the terminal ends of glycoproteins and glycolipids. Siglecs can either interact with sialylated glycans on other cells (trans) or with sialylated glycans on the same cell (cis). Most of the Siglecs contain an ITIM-motif in their cytoplasmic tail and thus provide inhibitory signaling. However, Siglec-14, -15 and -16 associate with the DAP12 adaptor which contains an ITAM, hence they provide an activating signal (197, 198).

Siglec-7 is a type 1 membrane protein. Its extracellular region consists of three Ig-like domains: one N-terminal V-set domain and two C2-set domains. A transmembrane region links the extracellular region to the cytoplasmic tail that includes a membrane proximal ITIM- and a membrane-distal ITIM-like motif (56, 196). Siglec-7 binds terminal α2,3 and α2,6-linked sialic acids with moderate affinity but shows preferred binding to α2,8-disialic acid and branched α2,6-sialylated glycans (199). Interaction with its ligands results in a polarization of Siglec-7 towards the immunologic synapsis and increased phosphorylation of the ITIM motif, which than allows the recruitment of SHP-1. Ultimately, the interaction reduces both chemokine production and cytolytic potential towards the target cell (200). However, interactions between the membrane proximal ITIM motif and SHP-1 and -2 are not just essential to forward the inhibitory signal but could also influence ligand recognition by Siglec-7 in an “inside out” signaling fashion. This possibility was raised because mutations in the ITIM-motif can cause increased binding between Siglec-7 and its ligands (201).

Disialosyl globopentaosylceramide (DSGb5) is an internally branched α2,6-linked disialic ganglioside that is expressed on renal carcinoma cells (RCC) and its expression correlates with higher rates of distant metastasis. Interaction between DSGb5 and Siglec-7 reduced cytotoxicity of NK-cells towards RCC cells in vitro (202).

GD3 is a ganglioside with α2,8-disialic acid overexpressed on melanoma cells and is also able to inhibit NK-cell cytotoxicity through interaction with Siglec-7 (203).

Both ligands were not capable to interact with Siglec-7 if it was masked by cis-interaction with endogenous ligands. Pretreatment of the NK-cells with neuraminidase was required to unmask the receptor, which enabled the receptor to interact with its ligand and ultimately inhibit the NK-cell mediated killing of targets. Jandus et al. also observed a consistent expression of Siglec-7 ligands in AML and chronic lymphocytic leukemia patients as well as in melanoma patients, where the expression was restricted to malignant cells only (204). However, they reported that ligand expression on malignant cells was able to inhibit the antitumor response by NK-cells directly without sialidase pretreatment. Siglec-7 is expressed by NK cells, monocytes, macrophages, and neutrophils (197).


NK-Cells

Most NK-cells express Siglec-7 in healthy humans (median, 80.6%; 95% CI, 70.57–90.63) (Figure 12). Expression on mature CD56dim NK cells appears to be more dens than on CD56bright NK cells (205). However, CD56bright NK-cells show a higher density of sialic acids on their cell surface compared to CD56dim. This led to the suggestion that masking effects could be stronger on CD56bright than on CD56dim NK-cells (206). Although Siglec-7 is an inhibitory receptor, the absence of Siglec-7 defines a more dysfunctional subset of NK-cells. Siglec-7+ cells express activating receptors (e.g., CD16, CD38, DNAM1, NCRs) more frequently and show a higher ability to degranulate and to produce IFN-γ than Siglec-7- NK-cells (205).




Figure 12 | Representative flow cytometric analysis of the expression of the immune checkpoint Siglec-7 on resting NK cells of a healthy donor (male, 23 years old) compared with isotype control.



Interestingly, obesity as a risk factor for infections and several cancer types, influences the Siglec-7 expression on NK-cells: the CD56bright subset shows a reduction in Siglec-7 surface density. Nevertheless, the overall frequency of Siglec-7+ NK-cells in the peripheral blood remains normal (206).




LILRB2 (ILT 4, CD85d)

A further family of immune checkpoint receptors are the leukocyte Ig-like receptors (LILR), also known as Ig-like transcript (ILT) or CD85. They belong to the immunoglobulin superfamily (IgSF) and can be divided into immune system activating (207) and inhibitory receptors (208).

In this review, we will focus on two inhibitory members of the LILR family: Leukocyte immunoglobulin-like receptor superfamily B (LILRB) 2 and LILRB 4. They are type 1 transmembrane glycoproteins, that consist of extracellular immunoglobulin-like domains responsible for ligand binding, a transmembrane domain and a cytoplasmatic tail with immunoreceptor-tyrosine based inhibitory motifs (ITIM). The tyrosines contained in the ITIMs are phosphorylated by kinases, e.g., Src-kinase. Subsequently, phosphatases like SHP-1, SHP-2 or SHIP can bind to these phosphotyrosines with their SH2-domains. This interaction results in phosphatase activation. The activated phosphatases are able to dephosphorylate intracellular molecules that activate different intracellular signaling cascades leading to downregulation of the immune response. This explains how LILRB2 and LILRB4 function as negative immune checkpoints and mediate inhibition of immune cell activation (209, 210).

Using flow cytometry, Fanger et al. analyzed the expression of LILRB2 on circulating blood lymphocytes, monocytes and dendritic cells showing that LILRB2 cannot be found on B-cells, T-cells and NK-cells but is highly expressed on monocytes and dendritic cells (211).

LILRB2 binds to classical and non-classical HLA class I (212), members of the angiopoietin-like protein family (213), and β-Amyloid oligomers (209).


Monocytes

Venet et al. confirmed that circulating monocytes from healthy donors express LILRB2 at high levels. Furthermore, they described that CD16+ monocytes show a significantly higher LILRB2 expression than CD16- monocytes, indicating that especially nonclassical proinflammatory CD16+ monocyte may play a role in dysregulating immune responses and altering the monocyte phenotype in inflammatory conditions (214).



Neutrophils

Baudhuin et al. were the first to elaborately analyze LILRB2 on neutrophils. The preferred ligand for LILRB2, HLA-G, has two other well-known receptors namely LILRB1 (ILT2, CD85j) and KIR2DL4 (215). The authors described that neither LILRB1 nor KIR2DL4 were expressed by neutrophils, leaving LILRB2 as the only known receptor for HLA-G expressed by neutrophils. On resting neutrophils, they detected high LILRB2 surface expression (68,8 ± 19,1%) and localized a pool of LILRB2 within neutrophil granules. LILRB2 stored in those intracellular granules was mobilized to the surface through exocytosis upon stimulation with fMLF, LPS or TNF-α resulting in increased surface expression. Up-regulation occurred rapidly reaching a plateau after 15 min. Furthermore, in a model with the myelomonoblast PLB-985 cell line, Baudhuin et al. identified LILRB2 expression as a process induced during neutrophil differentiation.

Functionally, LILRB2-HLA-G interaction has shown to inhibit neutrophil phagocytic function and CD32a-mediated production of reactive oxygen species. The corresponding signaling pathway in neutrophils has not been analyzed, but regarding studies performed with monocytes, Baudhuin et al. suggested that LILRB2-HLA-G interaction might induce SHP-1-mediated deactivation of the spleen tyrosine kinase (Syk). Syk is important for calcium mobilization and neutrophil activation. Finally, Baudhuin et al. performed an in vitro experiment incubating healthy neutrophils with either healthy or septic plasma. LILRB2 up-regulation upon stimulation was dysregulated under sepsis conditions (215).

Venet et al. performed a study evaluating LILRB2 expression by monocytes and neutrophils in septic shock patients. In comparison to healthy controls, LILRB2 expression on neutrophils was significantly increased in septic shock patients (214).




LILRB4 (ILT 3, CD85k)

We have already briefly introduced this receptor in 3.10.; Cella et al. analyzed its expression on hematological cells by monoclonal antibody staining. B-cells, T-cells and NK-cells could not be stained in contrast to monocytes, dendritic cells, monocyte-derived dendritic cells, and macrophages (216).


Monocytes

CD14+ monocytes and THP-1, a myelo-monocytic cell line from an AML patient, express LILRB4 on the cells’ surface (216). Other studies found that monocytes circulating in cerebral spinal fluid express LILRB4 at higher levels than peripheral blood monocytes (217). Further, Cella et al. confirmed the role of LILRB4 expressed on monocytes as a negative immune regulator (216). They triggered monocytes with anti-HLA-DR or anti-FcγRIII, which would normally induce intracellular Ca2+ release. Yet when they stimulated LILRB4 in parallel, this could be inhibited. The ligand of LILRB 4 is unknown (209).

Lu et al. also demonstrated LILRB4s inhibitory function. They incubated THP-1 cells with the monocyte activator CD64 (anti-CD64) alone or co-ligated with LILRB4 (anti-LILRB4). LILRB4 co-ligation resulted in a significant decrease in CD64-induced production of pro-inflammatory TNF-α. The underlying mechanism described is the LILRB4 induced inhibition of CD64-mediated phosphorylation of signal molecules important in cell activation cascades. These results thus assume that CD64-mediated activation of monocytes can be inhibited by LILRB4 (218).

Kim-Schulze et al. found that membrane-bound and soluble LILRB4 inhibits T-cell proliferation, can anergize CD4+ T cells, and is able to suppress differentiation of CD8+ cytotoxic T-cells. On the other hand, LILRB4 promotes differentiation of immune system restraining CD8+ suppressor T-cells which upregulates LILRB4 on monocytes and dendritic cells making them tolerogenic (219). Another study by Chang et al. showed similar results (220). They showed that CD8+ CD28- T-suppressor cells induce upregulation of both LILRB2 and LILRB4 on antigen presenting cells (APC) such as monocytes and dendritic cells. Therefore, they incubated monocytes and immature dendritic cells with T-suppressor cells from generated T-cell lines. On APC pretreated with T-Suppressor cells, surface expression of LILRB2 and 4 was upregulated while the co-stimulatory CD86 was downregulated. T-suppressor cells upregulated inhibitory receptors on APC (220). Further they generated myelomonocytic cell lines (KG1) overexpressing LILRB2 and LILRB4 and could show that this overexpression reduces CD4+ T-cell mediated upregulation of co-stimulatory receptor CD80. These results support their hypothesis that LILRB2 and 4 lead to T-cell anergy and induce immune tolerance. In vivo experiments with blood from patients after heart transplantation present similar results (220).





Pathology

The described multiple functions of checkpoint molecules on cells of innate and acquired immunity not only allow to study the regulation of immune cells in detail, but also open new therapeutic possibilities. Figure 13 shows essential checkpoint molecules, the expressing cells, and the ligands. Please note that there are only two of them target of approved therapies (PD-1 and CTLA-4).




Figure 13 | Immune checkpoints observed on different immune cells. Inhibitory receptors expressed on different immune cells are illustrated as blue rods, and ligands for these receptors are illustrated as green rods. FDA approved monoclonal antibodies that block receptor-ligand interaction are shown within the outlined boxes. Checkpoint inhibitors targeting the receptor are marked in blue, checkpoint inhibitors targeting ligands are marked in green. Immune cell populations printed in bold signalize that the respective immune checkpoint was included in our own antibody-panel (provided in Table 1) and that we were able to detect expression.




Tumors


VISTA

VISTA is a multipurpose immune regulator and therefore promising target for immunotherapy. Several studies observed the VISTA expression on various types of cancer cells and corresponding tumor infiltrating immune cells, e.g., in melanoma (221), gastric cancer (222), oral squamous cell carcinoma (223), pancreatic cancer (224) and pleural mesothelioma (225).

For instance, Gao et al. found elevated VISTA expression on peripheral blood monocytes in patients with metastatic prostate cancer receiving ipilimumab (anti CTLA-4 mAb) treatment suggesting VISTA’s inhibitory function may be relevant in advanced prostatic cancer (127). To show the inhibitory effect, they incubated monocytes untreated or pretreated with an anti-VISTA mAb with peripheral T-cells from patients. Untreated monocytes suppressed the IFN-γ production in peripheral T-cells whereas T-cells incubated with the pretreated monocytes showed normal IFN-γ production.

These results indicate that one way of VISTA carrying out its immunosuppressive function when expressed on monocytes is the inhibition of cytokine production in T-cells. Blocking VISTA may promote anti-tumor response and can be useful as a new therapeutic option for patients with metastatic prostate cancer.

Deng et al. assumed that VISTA expression may even be associated with reduced overall survival of cancer patients (128). They showed that VISTA upregulation on colon carcinoma samples correlated with a significant worse prognosis compared to low expressing samples. Further they demonstrated that tumor induced hypoxia leads to an increased VISTA expression on colon carcinoma cells and on tumor infiltrating leukocytes. Overexpression on monocyte derived suppressor cells (MDSC) contributes to T-cell suppression. Targeting VISTA expression on MDSC may be a useful therapeutic target to inhibit the MDSC mediated suppressive function, enhancing the immune response in patients with colon carcinoma.

To date, there are two phase one clinical trials (ClinicalTrials.gov: NCT02671955, NCT04475523) analyzing safety, pharmacokinetics, and pharmacodynamics of two different anti-VISTA monoclonal antibodies in advanced cancer patients.



TIM-3

Several studies showed the influence and importance of TIM-3 on immune response regulation in various cancers. According to Wang et al., TIM-3 expression on monocytes might be relevant for tumor progression in gastric cancer patients (226). They found increased TIM-3 expression on monocytes from gastric cancer patients. Elevated TIM-3 expression was associated with increased tumor depth and lymph node metastasis, indicating that TIM-3 expressing monocytes reduce the anti-tumor response and promote tumor growth and spread.

Circulating and tumor infiltrating NK-cells from patients with esophageal cancer express increased levels of TIM-3, with expression being higher on the CD56bright, than the CD56dim subset. TIM-3 positive cells showed functional defects like decreased cytotoxicity and reduced production of IFN-γ and granzyme B. TIM-3 expression also correlated with lymph node metastasis, clinical stage, and tumor invasion (136).

Similar observations were made in patients with gastric cancer (137) and advanced melanoma (138), in which patients showed increased TIM-3 expression on peripheral blood NK-cells that correlated with poor prognostic factors. Blocking TIM-3 on the surface of NK-cells isolated from melanoma patients resulted in the internalization of the checkpoint molecule, upregulation of the IL-2 receptor (IL-2R) and most importantly an increased cytotoxicity and cytokine production (138).

Patients with lung adenocarcinoma also show higher TIM-3 expression, either when comparing their entire circulating NK-cell population or just the CD56dim subpopulation individually to those of healthy donors. The CD56bright subset appears to be unaffected. Overexpression on the mature NK cell subset correlated with bigger tumor size (≥ 3cm), higher tumor stage (T3-4), incidence of lymph node metastasis and shorter overall survival. Use of blocking antibodies against TIM-3 resulted in increased IFN-γ production and cytotoxicity by isolated NK-cells from patients against the human lung adenocarcinoma cell line A549 (227).

Furthermore, intratumoral NK-cells from patients with different cancers (i.e., colorectal, melanoma, bladder cancer) co-express TIM-3 and PD-1 to a higher extend than NK-cells in normal tissue from the same donor. Those TIM-3+ PD-1+ NK-cells appear to be exhausted based on their reduced ability to kill K562-target cells and to produce granzyme B and IFN-γ. Treatment with IL-21 can restore those effector functions in vitro. Moreover, injection of IL-21 into MHC-class I deficient tumors of Rag 1 -/- mice, led to an increase in tumor infiltration by NK-cells showing higher levels of IFN-γ and CD107a as well as reduced expression of TIM-3 and PD-1. Tumor growth was thereby inhibited (139).

Elevated TIM-3 expression can also be found on dendritic cells in the tumor microenvironment compared to normal environments. On tumor associated dendritic cells, TIM-3 suppresses inborn pattern recognition receptor mediated immune responses to nucleic acids. HMGB1 mediated activation of TIM-3 blocks the transport of nucleic acids into endosomal vesicles and thereby reduces the sensing system of nucleic acid (228).



LAG-3

In both pleural and peritoneal effusions of patients with malignant pleural mesothelioma, LAG-3+ NK-cells can be found, but the expressions vary strongly between patients (1.0 –68.1% LAG-3+ NK-cells of all NK-cells) (229). Further studies are needed to evaluate the role of LAG-3 expression in this context and other malignancies.



TIGIT

Reports about the TIGIT expression on NK-cells in patients with malignant diseases are indecisive. Increased expression of TIGIT on NK-cells in the peripheral blood has been reported in patients with myelodysplastic syndrome (230), high risk non-muscle invasive bladder cancer (231) and gastrointestinal cancer (gastric and colon cancer) (171). Patients with colon cancer show higher TIGIT expression on NK-cells in intratumoral regions than in peritumoral regions (232). On the other hand, there are reports that TIGIT expression on circulating NK-cells (cNK) does not change in patients with other neoplastic diseases such as AML (233), pancreatic cancer (234) and hepatocellular carcinoma (235). Interestingly, Chauvin et al. reported that TIGIT expression on circulating NK cells (cNK’s) of patients with melanoma did not differ from expression in healthy donors; only to later elaborate that TIGIT expression on tumor infiltrating NK-cells (TiNKs) in those patients is downregulated when compared to TIGIT expression on cNKs from both patients and healthy individuals. According to them, membrane bound CD155 can mediate internalization of TIGIT but not degradation (236).

Different tumor models in mice showed that TiNK-cells overexpress TIGIT which is accompanied by an exhausted phenotype. Treatment with anti-TIGIT mAbs resulted in an increased infiltration of active NK-cells into the intratumoral region, a reversion of the exhausted state (measured by increased expression of CD107a, TNF, IFN-γ, and CD226), inhibited tumor growth, reduced tumor metastasis and ultimately increased overall survival of the mice. Those effects were NK-cell dependent and did not rely on the presence of a functioning adaptive immune system (232). However, others reported that application of anti-TIGIT mAbs only reduced metastasis when combined with IL15/IL15R treatment in their tumor bearing mice models (236). Right now there are multiple clinical trials registered, that investigate both safety and efficacy of anti-TIGIT mAbs in the treatment of a variety of malignant diseases (e.g., NCT04047862, NCT04353830, NCT02964013, NCT04543617, NCT4732494, NCT04732494, NCT04693234).



SIRPα

Various cancer types including solid tumors as well as hematological malignancies have shown to harness the SIRPα/CD47 pathway to evade immune surveillance by overexpressing CD47. To name a few: acute lymphoblastic leukemia (237), non-Hodgkin’s lymphoma (NHL) (238), multiple myeloma (239), B-cell lymphoma (240), leiomyosarcoma (241), breast cancer (242) and osteosarcoma (243).

In this context Seifert et al. analyzed the SIRPα expression on cells from patients with primary myeloid leukemias (55). Immature leukemic blasts showed no or significantly reduced SIRPα expression suggesting the possibility that reduced SIRPα expression is a cause or consequence of aberrant proliferation of these cells.

SIRPα expression is not only limited to tumor cells but also expressed on tumor infiltrating immune cells. Cabrales et al. showed that SIRPα expression on monocytes may play a role in cancer (244). They studied the effects of RRx-001, an anti-cancer agent used in clinical trials, on tumor cells and monocytes. RRx-001 reduced SIRPα expression in vitro and thus constrained the CD47-SIRPα signaling axis which ultimately enhanced both immune response and phagocytosis as well as antigen processing and presentation. RRx-001 also promoted the switch from M2 to M1 macrophages in the tumor microenvironment promoting M1-mediated proinflammatory antitumor conditions.

In patients with NHL, there may be differentiated between three monocyte subsets according to their SIRPα expression: CD14+SIRPαhigh, CD14-SIRPαlow and CD14-SIRPαneg. To analyze the impact on T-cell activation Chen et al. cultured T-cells with these three monocyte subsets finding out that T-cell proliferation was inhibited by monocytes expressing SIRPα at high and low levels but not by monocytes that are SIRPαneg (245).

When comparing the phagocytic function of these three subsets, the authors demonstrated that CD14+SIRPαhigh monocytes showed the strongest increase in phagocytic activity after blocking SIRPα with an Fc fragment. The activity in CD14-SIRPαlow and CD14-SIRPα- monocytes was lower but also enhanced. The SIRPα-Fc downregulated even CD47 on monocytic surfaces confirming the reduced signaling via the CD47-SIRPα axis. Blocking the CD47-SIRPα pathway may result in enhancement of immune activity and phagocytosis rate. Therefore, SIRPα expressing phenotypes may have better clinical prognosis due to new therapeutic possibilities.

So far, immunotherapy exploiting checkpoint inhibition has focused on targeting the adaptive immune system, especially T-cells. Targeting CD47 respectively SIRPα and therefore targeting the innate immune system provides a novel approach in cancer therapy. As described in the examples above, this approach may be promising. Currently, there are multiple preclinical and clinical trials testing biosafety, tumor specificity and effectiveness of anti-CD47 antibodies, anti-SIRPα antibodies and SIRPα-Fc fusion proteins [reviewed in (246)].



BTLA

Upregulation of BTLA is important for restricting the expansion and function of NY-ESO-1 (New York esophageal squamous cell carcinoma-1) specific CD8+ T-cells in melanoma. BTLA+ PD-1+TIM-3- CD8+ T-cells are the largest group of NY-ESO-1–specific CD8+ T-cells. These cells are partially dysfunctional producing less IFN-γ than BTLA-T-cells. T-cells expressing all three immune checkpoints PD-1, TIM-3 and BTLA are highly dysfunctional and produce less IFN-γ, TNF-α and IL-2. In contrast to the negative correlation between T-cell functionality an PD-1 expression, BTLA expression remains constant showing no further increase. This leads to the assumption that a higher BTLA expression is rather independent of functional exhaustion and powered by high antigen load. In addition to PD-1 and TIM-3 blockade, BTLA blockade enhances the NY-ESO-1-specific CD8+ T-cells functions (247) and is a promising therapeutic option for NY-ESO-1 patients.



Siglec-7

Tao et al. analyzed NK cells in patients with hepatocellular carcinoma showing a reduced number of NK-cells and decreased proportion of the mature NK cell subset. Among the circulating NK-cells, the frequency of Siglec-7 expression is significantly decreased, regardless of whether a patient is positive or negative for HBV or HCV infection (235).

Further studies on patients with other cancer entities showed normal expression levels. The frequency of Siglec-7+ circulating NK-cells in patients with colon adenocarcinoma and malignant melanoma are similar to healthy individuals (204). Regulation of transcription appears to be the main factor for the level of Siglec-7 expression. Hypomethylation of CpG site 8 and 9 within a CpG island in the 5’ Siglec-7 promotor increases Siglec-7 surface expression. Furthermore, histone modification through the use of histone deacetylase inhibitors also results in higher Siglec-7 surface levels. DNA methyltransferase inhibitors and histone deacetylase inhibitors are used to fight leukemia but it is currently unknown if or how changes in the expression of Siglec-7 on NK-cells contribute to the effects of this course of treatment (248).



LILRB

Another potentially important checkpoint in cancers is LILRB2. Sun et al. describe the expression on non-small-cell lung carcinoma (NSCLC) and show the correlation between high LILRB2 expression and reduced infiltration of lymphoid cells in the tumor tissue. This confirms the inhibitory effect of LILRB2 due to reducing lymphocytic immune response (249).

Similar results were found by Liu et al. (250). LILRB2 is overexpressed on lung tissue from patients with lung carcinoma in comparison with normal lung tissue that did not express the receptor. A549, a NSCLC cell line, showing the highest expression, was used for their further experiments. Using shRNAs to inhibit LILRB2 expression, they demonstrated that the cultured A549 cancer cells were significantly slower in proliferation and had an increased cell death suggesting that LILRB2 overexpression enhances tumor growth (250).

Further LILRB 4, and also LILRB1 expression is detected on gastric cancer cell lines. Less differentiated cell lines show higher expression compared to differentiated cell lines. To compare the cytotoxicity of NK-cells in a LILRB1lowLILRB4low (high differentiated) gastric cancer cell line with a LILRB1highLILRB4high (low differentiated) gastric cell line, the gastric cancer cell lines were co-cultured with the natural killer cell line NK92MI showing reduced NK cytotoxicity in the poorer differentiated gastric cancer cell line. This leads to the suggestion that LILRB4 and 1 expression correlate with poor differentiation of gastric cancers and effectively suppress NK-cell activity (251).

LILRB4 overexpression is also detected on pancreatic cancer (252) and breast cancer (253) cells.

Elevated LILRB expression is not limited to solid cancer cells but also found in hematological malignancies such as AML. Especially cells of patients with AML M4/5 monocyte differentiation have a significantly higher LILRB4 expression compared to other forms of AML. LILRB4 expression is more sensitive and specific for AML M4/5 than other differentiation markers used in flow cytometry and can be used as a diagnostic marker (254).

The importance of LILRB4 expression in therapy of AML patients is described by John et al. (255). One promising treatment option for AML patients are CAR-T-cells. Unfortunately, therapy is limited due to the lack of an AML blast specific antigen and occurring side effects such as myelotoxicity and – suppression. Since LILRB4 is specifically expressed by nearly all monocytic AML subtype M5 cells, John et al. developed an anti-LILRB4 CAR transducing it into T-cells. Using a mouse model, they demonstrated the efficiency of these T-cells on fighting leukemic blasts compared to an untreated control group. LILRB4 expression is not found on hematopoietic stem cells or pluripotent progenitor cells. Therefore, side effects occurring in the common CAR-T-cell therapy are not expected making LILRB4-CAR-T-cells a new efficient therapeutic option for patients with AML.

LILRB 2 and 4 as negative immune checkpoint molecules being expressed on hematological and solid tumors downregulating innate and adaptive immune response may be relevant therapeutic approaches and targets in anti-tumor treatment. Blocking LILRB expression with an antibody or altering their signal transduction with a specific high-affinity ligand could enhance an anti-tumor immune response and inhibit tumor growth (209). Further studies are needed to prove these effects and therapeutic targets need to be evaluated in clinical trials.




Infection


PD-1

Sepsis is a life-threatening disease due to a dysregulated and excessive immune response. Xia et al. analyzed the effect and expression of PD-1 on monocytes in septic patients using flow cytometry (109). They showed that in septic patients CD14+CD16+ monocytes have a significantly increased PD-1 expression compared to healthy controls. When blocking PD-1 with an antibody and stimulating the cells with LPS, the proportion of pro- and anti-inflammatory cytokines TNF-α- and IL-10-secreting monocytes increased. These results suggest that PD-1 may dysregulate monocyte function in septic patients, especially the inflammatory CD14+CD16+ monocyte subset. Blocking the PD-1 pathway may enhance the secretory function of monocytes which is important for balancing the immune response.

PD-1 expression is also found on monocytes of septic neonates. Zasada et al. described the expression on the different monocyte subsets in preterm neonates with late-onset sepsis (LOS) (256). They showed that neonates with LOS had an increased number of all monocyte subsets. The percentage and number of classical and intermediate monocytes expressing PD-1 was elevated. Neonates with LOS who developed a septic shock had an increased number of intermediate monocytes and the percentage and number of intermediate monocytes expressing PD-1 were significantly elevated compared to neonates without a septic shock. PD-1 expression may be an important factor regulating immune responses and a potential therapeutic target to possibly improve outcome in septic patients.

Similar results were shown for patients with Q-fever endocarditis. PD-1 was also upregulated on the intermediate monocyte subset in patients with Q-fever. When incubating monocytes with C. burnetii, the gram-negative bacterium causing Q-fever, PD-1 upregulation was detected. Further investigation on PD-1 modulation with LPS from E. coli also showed an increased PD-1 expression on monocytes compared to unstimulated cells (107).

PD-1 upregulation is also seen on all monocytes subsets in patients with HIV compared to healthy controls. In acute HIV infection and chronic HIV infection without antiretroviral therapy, especially the intermediate subsets showed an elevated expression of PD-1 compared to treated patients. The non-classical monocytes showed an elevated PD-1 expression mainly in chronic untreated patients compared to acute and chronic treated infection. PD-1 expression on both subsets correlates positive with the frequency of regulatory, also called suppressor, T-cells suggesting that elevated PD-1 expression on monocytes promotes T-cell exhaustion and downregulation of immune response in patients with HIV (110).

Herpes simplex virus 1, a chronic infection, causes exhaustion in antiviral T-cells. HSV-specific CD8+ T-cells have a higher expression of PD-1 and LAG-3 receptors in symptomatic patients with a recurrent herpetic disease than in asymptomatic patients. A combined blockade of LAG-3 and PD-1 pathways improved the function of antiviral CD8+ T-cells in the cornea and the trigeminal ganglia of rabbits (257).



VISTA

The immunosuppressive function of VISTA can be beneficial in autoimmune diseases to decrease inflammation and disease activity. Bharaj et al. found out that VISTA is up regulated on monocytes of HIV-infected individuals, especially on the intermediate inflammatory subset (CD14+CD16+), which induce secretion of high levels of proinflammatory cytokines (126). Furthermore, this overexpression stimulated T-cells from HIV-seropositive individuals and, in contrast, blocking VISTA on monocytes reduced T-cell induced cytokine production in these individuals. In HIV the activation of the immune system negatively influences the course of the disease and VISTA expression on monocytes correlates with this activation. Blocking VISTA expression on monocytes could be a new therapeutic approach.

There are several factors that modulate VISTA expression on monocytes. Bharaj, et al. described the influence of several TLR agonists and cytokines (126). Poly : IC (TLR3) and Flaggelin (TLR5) induced an upregulation suggesting that VISTA might be increased during viral and bacterial infections. Also, significant upregulation was induced by IL-10 and INF-γ. No effect was seen after stimulation with TLR4 (LPS). TLR8/9 ligands caused a downregulation.



TIM-3

It has been shown that the expression of TIM-3 is increased in HIV-1 infected individuals in comparison to uninfected individuals. There is a positive correlation between the TIM-3 expression and the HIV-1 viral load. HIV-1 –specific CD8+ T cells showed an upregulated expression of TIM-3. T-cells with TIM-3 expression did neither produce cytokines nor showed proliferation in response to the antigen. The proliferation and cytokine production could be restored by blocking the signal pathway of TIM-3 in HIV-1 specific T-cells (258). CD56bright but not CD56dim NK-cells from untreated HIV patients show higher TIM-3 levels than a healthy control group. After 6 months of combined antiretroviral treatment this overexpression is reverted to normal (259).

Similar findings were described in Hepatitis C infected patients. There is an increased expression of TIM-3 on CD4+ and CD8+ T-cells in individuals with chronic hepatitis C infection. A high expression of TIM-3 correlates with dysfunction and reduced cytokine production, which can be restored by blocking the TIM-3 pathway (260).

Hepatitis C virus (HCV) infection also causes increased TIM-3 expression on CD56dim but not on CD56bright NK-cells (261). Transcription factor T-bet is also up-regulated in NK-cells from HCV patients. Furthermore, miR-155 is decreased by tenfold. Reconstitution of this micro-RNA results in a reduction of both T-bet and TIM-3 expression (262). TIM-3high NK-cells from HCV patients do not only show an activated phenotype (higher expression of activating receptors NKp30, NKp46, NKG2C, NKG2D, lower expression of inhibitory receptor NKG2A) but also a greater ability to kill target cells upon pre-activation with lymphokines. They are also better at inducing the expression of TRAIL upon IFN-α stimulation and at controlling HCV in an in-vitro model. Cytokine production was comparable to TIM-3low NK-cells. TIM-3 expression remained high even when IFN-α based antiviral therapy successfully led to viral eradication (261). Treatment of NK-cells from HCV patients with anti-TIM-3 antibodies resulted in increased IFN-γ expression. Given that the blockade also enhanced phosphorylation of STAT-5, it can be speculated whether TIM functions through interference with the Jak/STAT pathway within NK-cells (262).

Wang et al. evaluated the role of TIM-3 on monocytes in patients with chronic Hepatitis C receiving recommended Hepatitis B vaccination (263). They revealed that TIM-3 was overexpressed on monocytes in Hepatitis B vaccine non-responders. First, they examined IL-12 and -23 production in monocytes after LPS stimulation in patients with chronic hepatitis finding out that cytokine production in patients with chronic HCV is reduced compared to healthy controls. When comparing vaccine responders and non-responders, similar results were shown; non-responders had reduced cytokine levels. To show that TIM-3 expression may be responsible for this inhibitory effect on monocytes, TIM-3 expression was examined with flow cytometry. Same result as for cytokine production was obtained meaning chronic HCV patients and non-vaccine responders had elevated TIM-3 levels. These results suggest that TIM-3 expression may downregulate IL-12 and -23 expression. Using a TIM-3 mAb proved this suggestion because cytokine production in monocytes increased after TIM-3 blockade and stimulation with LPS (263). These results show TIM-3’s potential influence on vaccine response.

Circulating NK-cells from patients with a chronic hepatitis B virus infection also show higher expression of TIM-3 than their counterparts in healthy donors. This overexpression is weakly correlated with higher levels of alanin transaminase, which can be an indicator of a bad prognosis. In an ex-vivo model anti-TIM mAb’s were able to significantly improve the cytotoxicity of NK-cells isolated from chronic hepatitis B patients towards Hep2.2.15 cells (264).



LAG-3

LAG-3, PD-1 and TIGIT are immune checkpoint molecules which are positively associated with the frequency of CD4+ T-cells with HIV DNA. CD4+ T-cells with all 3 checkpoints expressed are highly enriched for integrated viral genomes. Most of the T-cells with at least one of these checkpoints carried HIV genome. To target latently infected cells in HIV suppressed individuals, immune checkpoint blockers against LAG-3, PD-1 and TIGIT could be a valuable option (265). High expression levels of immune checkpoints such as LAG-3, PD-1, TIM-3 and CD38 on CD8+ T-cells show a correlation with T-cell exhaustion and increased clinical disease progression as well as duration of infection (266).

HIV positive women who had received antiretroviral therapy (ART) show significantly higher frequencies of LAG-3+ NK-cells than HIV negative women. The expression of the checkpoint molecules did not correlate with CD4 count, CD4 recovery or ART duration (267). Taborda et al. also reported that HIV progressors express LAG-3 more frequently than HIV controllers (<2000 copies/ml for ≤1 year without ART) (268).

Merino et al. studied adaptive NK-cells in the context of human cytomegalovirus infection (269). Adaptive NK-cells show a certain pathogen specificity, long-term persistence, and control of secondary infection. Chronic stimulation of adaptive NK-cells results in a significant upregulation of LAG-3 and PD-1. Hypomethylation within the promotor regions of their gens appears to be responsible for the induction of both PD-1 and LAG-3. LAG-3 positive adaptive NK-cells produced less IFN-γ in response to stimulation with K562 cells compared to LAG-3 negative adaptive NK-cells but showed a comparable rate of degranulation.



SIRPα

Under pro-inflammatory stimuli like LPS or TNF-α, Londino et al. demonstrated that SIRPα proteolysis is enhanced (270), abrogating its inhibitory function which results in enhancement of inflammatory signaling via JAK/STAT pathway. This leads to activation of the immune response. This result suggests that SIRPα may play an important role in regulating inflammatory conditions due to lack of its inhibitory function.

Smith et al. analyzed the role of SIPRα on regulating the innate immune response towards different pathogens like gram+ or gram- bacteria or yeast (187). Incubation with a murine anti-human SIPRα mAb and stimulation with LPS resulted in reduced production of proinflammatory cytokine TNF-α but had no effect on other cytokines. Similar results were found when LPS was replaced by zymosan or mycobacterial antigens. These result show that SIPRα inhibits the immune response under inflammatory conditions.

The importance of SIPRα regulating the monocyte response during inflammation was also shown by Liu et al. (271). They demonstrated that SIRPα reduces β2-integrin-mediated monocyte adhesion, transendothelial migration, and phagocytosis. Thus, it may serve as a critical molecule in preventing excessive activation.

Therefore, they created SIRPα overexpressing THP-1 cells. SIRPα significantly reduced the upregulation of surface b2-integrin by chemokine MCP-1. β2-Integrin is responsible for adhesion to endothelial cells. With the help of a transmigration assay, transendothelial migration on SIRPα overexpressing cells was analyzed showing a reduced migration of monocytes in the presence of MCP-1, which was even further reduced in the absence of MCP-1. The same was shown for phagocytosis. SIRPα overexpressing cells showed decreased phagocytosis of fluorescein-labeled E. coli compared to mock-transfected cells. All these results indicate that SIRPα is important for regulating monocyte and macrophage responses. Nevertheless, this downregulation may be important in some diseases such as early stage of arteriosclerosis where monocytes contribute to disease progression. In this case SIRPα overexpression would be beneficial (271).



Siglec-7

Varchetta et al. showed that untreated patients with HCV or HBV virus possess a lower frequency of circulating Siglec-7+ NK-cells than healthy donors (272). Meanwhile they were able to detect increased serum levels of Siglec-7. The expression among HCV patients is inversely correlated with negative indicators of disease progression like liver cell injury, liver stiffness, fibrosis scores and histological fibrosis. Higher frequency of Siglec-7+ NK-cells at baseline is also a positive predictor of sustained virological response after treatment with IFN-α and ribavirin.

Even though HIV-1 is not able to directly infect NK-cells, it is able to impair their cytolytic function and induce phenotypical changes. During the first response of the innate immune system in the early stages of infection, patients show an increasing subset of Siglec-7-/CD56+ NK-cells. This subset shows reduced degranulation and cytokine production. The loss of Siglec-7 is dependent on ongoing viral replication since this change cannot be observed in long-term non-progressors. A suppression of the virus with ART to undetectable levels can revert the loss of Siglec-7 expression (273).



LILRB

In inflammatory conditions LILRB expression can be upregulated. Brown et al. analyzed LILRB2 and 4 expression on salmonella infected APCs (274). Macrophages showed an LILRB2 and 4 upregulation during Salmonella infection regardless of whether heat killed or viable Salmonella typhimurium bacteria were used. Other TLR-ligands like LPS and flagellin also induced higher expression, though flagellin not as strong as the other ligands. Furthermore, macrophages had an altered, but statistically not significant, cytokine secretion with increased anti-inflammatory cytokine IL-10 and decreased pro-inflammatory IL-8. Upregulation of LILRB during infection could be a regulatory mechanism by the immune system to prevent excessive damage and reduce inflammation.

Venet et al. analyzed the LILRB2 expression on patients with septic shock. In comparison with healthy donors LILRB2 expression was generally increased on monocytes and higher on the nonclassical CD16+ subset. These results propose that elevated LILRB2 expression on monocytes in septic shock patients may play a role in altered immune response in patients with sepsis. These findings could be confirmed under inflammatory conditions ex vivo (214).

Baffari et al. investigated the cause of LILRB2 upregulation on monocytes in septic patients. They found out that there was an association of organ dysfunction in septic patients and LILRB2 surface expression on monocytes. Patients with severe dysfunctions had elevated checkpoint molecule levels. They incubated blood from healthy donors with sera from septic patients where an upregulation of LILRB2 on monocytes could be seen. This suggest that factors in the serum of septic patients may be responsible for the increased checkpoint expression leading to a more severe condition. Furthermore, they pointed out that immunosuppression caused by LILRB2 may have a negative influence on mortality and morbidity in septic patients. On the other hand, this inhibition may prevent an uncontrolled excessive immune response that would worsen the condition (275).

LILRB2 expression on monocytes of patients with HIV (AIDS, acquired immune deficiency syndrome) was analyzed by Vlad et al. They found LILRB2 upregulation on the monocytic surface and a switch into a more anti-inflammatory phenotype indicated by an altered cytokine secretion. Blood from healthy donors incubated with HIV patients’ sera lead to an increase of LILRB2 expression on monocytes as well. This suggests that HIV infection alters function of antigen-presenting cells by upregulating the inhibitory checkpoint LILRB2 and by increased secretion of anti-inflammatory cytokines (276).




Autoimmunity


CTLA-4

CTLA-4 on Treg is important to prevent autoimmunity and controls the activity of other cells such as APCs and naïve T-cells (277, 278). Its expression on activated T-cells regulates T-cell activation by reducing IL-2 production and also IL-2 receptor expression (92, 279). Both may be important for therapies aiming for specific immunosuppression in autoimmune diseases and for transplantation settings. Immunosuppressants are for example the CTLA-4 fusion protein Belatacept, which binds B7 and thereby prevents co-stimulation by CD28. Another one is Abatacept, this fusion protein is commonly used in treatment of rheumatoid arthritis.



VISTA

Studies with murine models have shown that VISTA deficiency is accompanied by a higher risk for autoimmune disease (121, 280–282).

Ceeraz et al. had a closer look on the impacts of VISTA on a murine model of lupus (129). They examined the VISTA expression by flow cytometry in Sle1. Sle3 lupus prone mice in comparison with B6 mice used as controls. They showed that VISTA expression in the inflammatory monocyte compartment is reduced during active lupus assuming that VISTA deficiency might lead to an increased disease activity. Blocking VISTA with a mAb would enhance the disease. They also showed that myeloid cells of VISTA deficient Sle1.Sle3 mice had a heightened activation status that correlated with increased cytokine production. Their data demonstrated the importance of VISTA in regulating autoimmune disease and in this model preventing disease progression (129).

Wang et al. describe similar results. In experimental autoimmune encephalomyelitis which is a murine disease model for human multiple sclerosis, anti-VISTA treatment provoked disease exacerbation (54).



TIGIT

Kurita et al. examined the frequency of TIGIT expression on CD4+ T-cells in patients with atopic dermatitis and found a higher expression compared to a healthy control group. They stated that this could indicate that TIGIT may function as a partial inhibitor to autoimmune reactions and skin inflammation. They also discussed the possibility that a lower expression of TIGIT in certain patients may lead to an exacerbated activity of atopic dermatitis (283).



LILRB2

LILRB2 as a negative immune checkpoint molecule may be relevant in neurological diseases such as Alzheimer disease (284). Kim et al. showed in a study with human transgenic mice that the mice LILRB2 homologue PirB can bind β-Amyloid oligomers. This binding engages colfilin, a PirB ligand, responsible for actin depolymerization resulting in synaptic loss and “altered synaptic plasticity and cognitive deficits”. Similar mechanisms are suggested in patients with Alzheimer disease. Blocking LILRB2 may be a beneficial therapeutic approach to reduce the neuronal damage and therefore disease progression.

In rheumatoid arthritis, LILRB2 expression is found on immune cells in the synovial tissue. Huynh et al. suggested that LILRB2 expression and function may be altered under disease modifying antirheumatic drugs (DMARD’s) (285). They treated macrophages differentiated from THP-1 with dexamethasone, methotrexate and cyclosporine A and stained them with anti-LILRB2 mAbs. Patients responding to treatment showed a reduced number of inflammatory cells and reduced LILRB2 expression on tissue macrophages, compared to non-responders who showed increased number and expression.

Chang et al. examined the LILRB2 expression on monocytes incubated with CD8+ T-cells (220). Flow cytometry analysis showed upregulation of LILRB2 expression and downregulation of co-stimulatory receptors such as CD86. To determine the role of this upregulation they evaluated the LILRB2 expression in patients with heart transplantation. CD8+ T-cells from these patients were isolated and incubated with monocytes from a control individual. They revealed that patients without acute rejection within the first 6 months showed an upregulation of LILRB2 which was not the case in patients with acute rejection. This suggests that CD8+ T-cells induce a tolerogenic phenotype in monocytes characterized by LILRB2 upregulation that reduces immune responses after transplantation and supports acceptance of the donated organ.



LILRB4

One study demonstrated that LILRB4 expression on monocytes in patients with multiple sclerosis can be upregulated upon stimulation with Vitamin D3 and IFN-γ. Combined stimulation had an additive effect (217). Vitamin D3 and IFN-γ could therefore be useful in patients with multiple sclerosis to reduce the cerebral inflammation in a LILRB4 dependent fashion.





Conclusion

We are convinced that the new immunological tumor therapies and the rapidly growing knowledge about the importance of checkpoint molecules in malignant, infectious, and autoimmune diseases will generate a broad demand for appropriate flow cytometric assays. It is not expected that ready-to-use test kits will be available at an early stage. Here, we have placed next to the literature review a selection of flow cytometric examples of how, with appropriate effort, diagnostic laboratories can offer these examinations. In this way, it should be possible to meet this current challenge in immunodiagnostics.
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Complement not only plays a key role in host microbial defense but also modulates the adaptive immune response through modification of T- and B-cell reactivity. Moreover, a normally functioning complement system participates in hematopoiesis, reproduction, lipid metabolism, and tissue regeneration. Because of its powerful inflammatory potential, multiple regulatory proteins are needed to prevent potential tissue damage. In clinical practice, dysregulation and overactivation of the complement system are major causes of a variety of inflammatory and autoimmune diseases ranging from nephropathies, age-related macular degeneration (AMD), and systemic lupus erythematosus (SLE) to graft rejection, sepsis, and multi-organ failure. The clinical importance is reflected by the recent development of multiple drugs targeting complement with a broad spectrum of indications. The recognition of the role of complement in diverse diseases and the advent of complement therapeutics has increased the number of laboratories and suppliers entering the field. This has highlighted the need for reliable complement testing. The relatively rapid expansion in complement testing has presented challenges for a previously niche field. This is exemplified by the issue of cross-reactivity of complement-directed antibodies and by the challenges of the poor stability of many of the complement analytes. The complex nature of complement testing and increasing clinical demand has been met in the last decade by efforts to improve the standardization among laboratories. Initiated by the IUIS/ICS Committee for the Standardization and Quality Assessment in Complement Measurements 14 rounds of external quality assessment since 2010 resulted in improvements in the consistency of testing across participating institutions, while extending the global reach of the efforts to more than 200 laboratories in 30 countries. Worldwide trends of assay availability, usage, and analytical performance are summarized based on the past years’ experiences. Progress in complement analysis has been facilitated by the quality assessment and standardization efforts that now allow complement testing to provide a comprehensive insight into deficiencies and the activation state of the system. This in turn enables clinicians to better define disease severity, evolution, and response to therapy.
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Introduction

The complement system is of substantial relevance for the destruction of invading microorganisms and for immune complex elimination [for review, see (1, 2)]. In addition, complement also modulates the adaptive immune response through modification of T- and B-cell responses using specific receptors on various immune cells. Moreover, a normally functioning complement system participates in hematopoiesis, reproduction, lipid metabolism, and tissue regeneration (2). The critical role of the complement system for host defense is also demonstrated by the multiple complement evasion strategies adopted by pathogens (3). Essential intracellular immune modulatory functions of the complement system have recently been discovered promoting the survival and activation of T lymphocytes (4, 5).

There are more than 50 complement proteins, including pattern-recognition molecules, proteases interacting in cascade-like fashion, multiple regulatory factors (many of which are cell surface restricted), and receptors (Figure 1). Most complement proteins are secreted by the liver and contribute to the acute phase response (6). However, other tissues are also able to produce complement proteins, such as adipocytes for factor D (adipsin), myeloid cells for properdin, and lymphoid cells for a number of components [as reviewed in (7)]. Complement genes are distributed across different chromosomes, with 19 genes comprising three significant complement gene clusters in the human genome (8).




Figure 1 | Schematic representation of the complement activation pathways (brown: classical pathway, white: lectin pathway, light blue: alternative pathway, yellow: terminal pathway). Activation products, released into the fluid phase are presented in rose, whereas regulators are presented by blue. SCPN, serum carboxypeptidase N; MBL, mannose-binding lectin.



Complement can be activated by any of three main routes: the classical pathway (CP), the alternative pathway (AP), and the lectin pathway (LP) (9). The CP serves as a key effector function of the specific antibody responses, whereas the AP and the LP as ancient parts of the innate immune system are important in first-line antibody-independent defense against bacterial and fungal infections. The terminology of the complement system components refers to the sequence of their discovery, which explains why the cascade is not arranged in a logical numeric order. Components and regulators of the AP are called factors (e.g., Factor B, Factor H) (10).

The CP is activated when the first CP component, C1q, binds to the Fc region of IgG or IgM. In the absence of antibodies, target-bound C-reactive protein (CRP), as well as polyanionic structures on pathogens and apoptotic cells, can also bind to C1q and activate the CP. Upon C1q binding, C1r autoactivates and then activates C1s, which subsequently cleave substrates C4 and C4b-bound C2 to form the C3 convertase (C4b2a) (11). Binding not only of mannose-binding lectin (MBL), a well-known opsonin, and an acute phase reactant with structural similarities to C1q but also of ficolins and collectins to carbohydrate residues on pathogens and altered tissues initiates the lectin pathway (12). Like in the C1 complex, MBL-carbohydrate binding leads to the activation of MASPs (MBL-associated serine proteases), which—like C1s—are able to cleave C4 and C2, thereby connecting the LP to the CP. In contrast to the CP, the AP is activated mainly by non-antibody (non-immunoglobulin) mechanisms. By a mechanism known as tick-over, a permanent low-grade hydrolysis of C3 [C3(H2O)] leads—upon binding of factor B and subsequent cleavage by factor D—to the generation of a fluid phase C3-convertase [C3b(H2O)Bb], which is stabilized by properdin. In healthy states, this activity is self-limited; however, if newly cleaved C3 binds to pathogens or altered tissue, the AP response is amplified. The regulatory potential of the targeted cells determines if a C3 convertase is formed on the surface and opsonization occurs and the cascade reaction is continued. Once complement is activated by whichever pathway, enzyme complexes (C3 convertases) are generated that cleave C3 into two fragments (C3a and C3b). C3a is the smaller fragment and, like C5a, which is generated later, is a pro-inflammatory signaling molecule (anaphylatoxin). Anaphylatoxins are chemoattractants, they recruit and activate multiple inflammatory cells, including neutrophils and mast cells (13). Receptors for C3b and its metabolic product iC3b on phagocytic cells allow removal of the opsonized targets. Potentially, pathologic immune complexes (containing antibody complexed with viral, bacterial or autoantigens) activate the CP. C3b flags such immune complexes for removal from the circulation by C3b receptor-carrying erythrocytes and selective disposal by phagocytic cells in the reticulo-endothelial system. Cell surface-bound C3b can also trigger the terminal complement cascade. This activation requires factors C5, C6, C7, C8, and multiple C9 to generate the lipophilic membrane attack complex, C5b-9 (MAC), causing target cell death by cell membrane lysis (14).

Because of its powerful inflammatory potential, multiple regulatory proteins are necessary to ensure that potential complement-mediated tissue damage is prevented or at least limited (15). Factor H, Factor I, MCP (CD46), and DAF (CD55), regulating the AP, and C1 inhibitor (C1-INH) and C4b binding protein (C4BP), MCP as well as DAF, controlling the CP and LP, prevent an overactivation of the complement system. C3 convertases are inherently unstable with short half-lives, which helps limit and control complement activation. Excess MAC-mediated complement lysis is prevented by soluble (clusterin, vitronectin) and cell membrane control proteins, CD59 (Figure 1). There is increasing evidence that properdin, known as the only positive regulator of the alternative pathway, directly binds to pathogens and apoptotic cells, allowing the generation of C3 convertase on the target surface (16, 17) with subsequent opsonization, i.e. covalent binding of C3b and iC3b.



Clinical Relevance of Complement

A broad spectrum of clinical disorders is associated either with complement deficiencies or—even more prevalent—with an overactivated and/or dysregulated complement system [for review see (1, 2, 18)].

Complement deficiencies can be either primary (hereditary) or acquired [for review, see (8, 19–22)]. The inheritance is usually autosomal recessive (exception: properdin deficiency: X-linked; Factor B, C1-INH, and MCP/CD46 deficiency: autosomal dominant). Heterozygous carriers usually remain clinically silent. They can be identified through accurate medical history and extended laboratory analysis of the entire family.

From various studies, the prevalence of a congenital complement deficiency has been calculated to be about 0.03%, excluding MBL deficiency, which is estimated to occur in about 5% of the Caucasian population. According to the European Society for Immunodeficiencies (ESID) Registry, deficiencies of complement proteins were responsible for approximately 5% of all primary immunodeficiencies (PID) between 2004 and 2020 (http://esid.org/Working-Parties/Registry/ESID-Database-Statistics; https://cci-reporting.uniklinik-freiburg.de/#/). National registries, however, show a wide variability in the frequencies of these defects, comprising between 1% and up to 30% of all primary immunodeficiencies (23, 24). This may—at least in part—reflect the availability of a comprehensive complement analysis in the respective countries.

The clinical consequences of inherited complement defects fall broadly into three areas: (1) increased susceptibility to infection caused by encapsulated organisms; (2) autoimmunity, in particular systemic lupus erythematosus (SLE); and (3) disorders due to defects of factors controlling, focusing, and limiting complement activation (25).

About 65% of complement-deficient patients suffer from often-recurrent severe invasive infections predominantly caused by encapsulated bacteria (26), whereas viral, fungal, or parasitic infections have only rarely been reported, which is likely because of a compensation of the complement defect by other immune defense mechanisms. Presenting infections due to complement deficiency can include recurrent pyogenic infections (e.g., deep abscess, osteomyelitis, pneumonia), bacteremia, recurrent meningococcal infection, and disseminated gonococcal infection. Neisserial bacteria (meningococcal and gonococcal) are particularly sensitive to complement-mediated attack. However, with the exception of recurrent neisserial infections, patients with recurrent unexplained pyogenic bacterial infections should also be checked for other immune deficiencies, including immunoglobulin or phagocyte deficiency, which are more prevalent than complement deficiency (27).

Complete defects are described for virtually all complement proteins with the exception of serum carboxypeptidase N (SCPN). Secondary deficiencies are caused by inflammation-induced complement consumption, autoantibodies (e.g., against C1q, C1 inhibitor or factor H), decreased synthesis, and/or increased catabolism or protein loss syndromes.

The most frequent complement deficiencies affect C2 and MBL, which often remain clinically silent. The incidence of the hereditary angioedema (Quincke edema) with C1-INH deficiency (HAE-C1-INH) is estimated in 1:10,000 to 1:50,000 (28). Besides controlling complement system activation, C1 inhibitor regulates the fibrinolytic, coagulation, and contact systems. Lack of inhibition results in excessive bradykinin generation, which in turn increases vascular permeability, leading to angioedema. The onset of the disease is early in life, causing attacks of subcutaneous and submucosal edema, which affect the face, periphery, genitals, abdomen, and larynx (29). The upper airway obstruction can result in asphyxia if not treated. An acquired form of C1-INH deficiency mostly occurs before the fourth decade of life and is associated with lymphoproliferative disorders and the presence of autoantibodies to C1 inhibitor. More recently, another type of HAE was identified in patients with normal C1-INH levels. Mutations in genes coding for factor XII (FXII-HAE), plasminogen (PLG-HAE) and, in few families, angiopoietin-1, kininogen-1, or myoferlin have been found in this newly defined group of primary angioedema patients. However, in a significant proportion of HAE patients with normal C1 inhibitor, mutations have not been detected yet (30).

Deficiencies of complement proteins are significantly more frequent in people with specific diseases. In SLE, 30% of the patients have a preexisting complement deficiency (preferentially of C4, C2, and C1) (31), and deficiencies (preferentially of C5–C9 and properdin) are estimated to occur in up to 20% of individuals suffering from disseminated Neisseria infections. With the improvement of PID analysis, in general, and of complement diagnostics, in particular, higher prevalences are expected. In daily practice, some specific clinical presentations (warning signs) raise the possibility of a complement deficiency (21), including meningococcal meningitis > 5 years of age; other recurrent bacterial infections, especially pneumococcus; systemic autoimmune manifestations, especially with onset at a young age and/or familial presentation; angioedema without urticaria; renal and ophthalmic inflammatory disorders.

Clinical consequences of an overactivated and dysregulated complement system include not only immune complex and autoimmune disorders, such as systemic lupus erythematosus (32), various forms of nephropathy, like atypical hemolytic uremic syndrome (aHUS), and C3 glomerulopathy (C3G) (33, 34), ophthalmic disorders, like age-related macular degeneration (AMD) (35), but also organ failure subsequent to ischemia-reperfusion injury (36), sepsis (37), multiple trauma, and burn (38). Furthermore, complement has also been implicated in neurodegenerative disorders, such as Alzheimer’s disease (39), multiple sclerosis (40), and Guillain-Barré syndrome (41). The spectrum of clinical presentations associated with complement dysregulation also includes protein-losing enteropathy (CD55 deficiency) (42) and paroxysmal nocturnal hemoglobinuria (PNH) (CD55+CD59 deficiency) (43).

The inflammatory response due to complement activation induced by artificial surfaces in hemodialysis and extracorporeal circuits may also lead to organ dysfunction. Biomedical polymers differ considerably in their capacity to activate complement (44). Complement activation has been shown to be associated with transient neutropenia, thrombocytopenia, pulmonary vascular leukostasis, and occasionally, anaphylactic shock of variable severity in patients undergoing hemodialysis (45) or cardiopulmonary bypass (46).

Finally, complement activation, if insufficiently regulated, has been reported to enhance tumor progression and to increase metastasis, suggesting its contribution beyond pathogen elimination (47, 48). Complement activation has also been recognized in cancer patients, but its cytotoxic efficacy is often restricted by overexpression of complement surface regulators on the malignant cells (48). There is, however, also evidence that by promoting chronic inflammation, complement activation may support an immunosuppressive tumor microenvironment and activate cancer growth signaling pathways. In line with that, complement activation and reduced expression of membrane complement regulators correlates with poor outcome in cancer patients.



Complement Testing Addressed in the Standardization Efforts

As with any clinical diagnostics, there is a paramount need for quality, accurate testing. For complement, proper diagnosis involves the determination of the functional capacity and the activation state of the different pathways, the concentration and function of individual components and regulators, the search for complement autoantibodies, as well as the molecular analysis of complement genes (for review see (49–53)). The efforts of the IUIS/ICS Committee for the Standardization and Quality Assessment in Complement Measurements (https://iuis.org/committees/qas/subcommittee-for-the-standardization-and-quality-assessment-of-complement-measurements/) have been to evaluate and improve the testing of now 20 different laboratory assessments of complement, all currently focused on the fluid phase complement. The types of complement testing included in these efforts can be broadly grouped into five types as outlined in Table 1. These include the following: (1) assessment of the level of the basic components, (2) measurement of the levels and/or functions of the fluid phase control proteins, (3) measures of complement functions, (4) testing for complement directed autoantibodies, and (5) assessment of the fragments and complexes formed during activation. The requirements for that testing have been further influenced by the clinical introduction of complement therapeutics. Although the number of approved drugs that target complement is currently small, there is every indication that this will change soon, as outlined in recent reviews (54, 55). The advent of the complement therapeutics, combined with recognition of the role of complement in a growing number of disorders, has put new demands on the clinical complement laboratory.


Table 1 | Complement components and potential analytes by pathway.



Still, the most common type of complement testing is the measurement of complement components, most specifically C3, C4, and C1q. The fact that complement factor C3 is present in circulation at levels around 0.1 to 1 mg/ml meant that the tests used originally to look for severe consumption or deficiency had no need to measure in the ng or pg range (56); therefore, most complement component measures utilize the concept of the equivalence zone for efficient measurement. C3, C4, and C1q measurements have also been utilized historically in testing for the rheumatic disease and PIDs (57). With the common and long-standing use of these tests, there are multiple regulatory-approved methods for measuring C3 and C4. For the majority of the other complement components listed in Section 1 of Table 1, this is not the case. The benefit of measuring the components is most clear when looking for an individual complement deficiency. When used, as they are in the rheumatic disease, their value often lies in looking for a decrease in the measured C3 and C4 to assess the level and pathway of any ongoing activation of complement leading to consumptions (58). Similar to the measurement of the complement components, the levels of individual fluid phase regulators of complement are also important and utilize many of the same methods. For the measurement of the levels of individual complement components in the context of therapeutic intervention, the measurement of C1-INH levels has the clearest and longest-standing utilization, specifically in the context of hereditary angioedema and C1-INH replacement therapies so it is unsurprising that this area is currently part of specific efforts to improve and standardize (59, 60).

The assessment of the function of the complement system has also been a long-standing type of complement analysis, particularly the assessment of the classical pathway (Table 1, Section 3). Historically complement function has been tested by utilizing red blood cells (RBC) as the target of complement lysis (61). A modification that replaces the RBCs with a synthetic liposome that when lysed releases an enzyme that is easily measured on a standard clinical laboratory chemistry analyzer is in wide use in standard clinical laboratories (62). In addition to these lysis-based methods of measuring function, there is a growing number of 96-well style functional assays (63, 64) that have been developed in recent years. These methods move away from using live cells, instead using activators of the individual pathways and then a readout of pathway function that does not require lysis of a liposome or RBC, but instead uses antibodies to detect the formation of the membrane attack complex (C9 neoepitope). Originally developed as semiquantitative screening assay for complement deficiencies, these methods of complement function testing are more approachable for general immunology laboratories and allow for individualized measurement of all three of the activation pathways for the first time (65). Complement function testing has become key in the assessment of utility of complement inhibiting therapeutics, particularly in the treatment of different forms of thrombotic microangiopathies (TMA), including aHUS (66). For these disorders, the functional testing is utilized primarily to determine if the level of inhibition is appropriate to block complement function sufficiently (66). It is important when utilizing complement testing in this way to not only keep in mind how the drug will affect common complement tests [reviewed in (67–69)] but also how the specific type of complement test may affect the result received (67, 70).

Another type of complement testing with a long-standing but expanding footprint is the area of complement autoantibodies. Autoantibodies to C1q have long been recognized as strongly associated with systemic lupus erythematosus [covered in a recent review (71)]. In addition, antibodies to the C3 convertases and to factor H are well recognized as being causative in complement-related kidney diseases (72). The anti-convertase antibodies are known as nephritic factors (C3Nef, C4Nef, and C5Nef, respectively) and have been recognized for their role in kidney diseases, but they have also been seen in other disorders [reviewed in (73)]. Standardization of the autoantibodies is a particular challenge as most forms of tests are methods developed by individual laboratories and rely on scares resources, but there have been successful efforts to standardize these assays as exemplified by advance method agreement and reagent sharing for testing for factor H autoantibodies (74). This work continues with efforts around standardization of the nephritic factors, in particular.

The final type of complement testing included in the IUIS/ICS quality and standardization efforts currently is the measurement of the fluid phase complement activation products in general and the membrane attack complex specifically (Table 1, Section 5). The membrane attack complement (C5b-9, MAC), also known as the terminal complement complex (TCC), is produced upon activation of the terminal pathway of complement leading to formation of a complex of C5b, C6, C7, C8, and C9 (1). When inserted in a membrane, this complex can lead to breach of osmotic stability and lysis. Bound to S-protein (Vitronectin), the sC5b-9 complex is held in the fluid phase; it is this circulating form that is becoming a common measure of terminal pathway activation levels (75, 76) to determine the level of activation or inhibition occurring in a patient (77, 78). As such, a measure of terminal pathway activation sC5b-9/sTCC has gained favor as a potential way to assess the likelihood of a patient to respond to therapeutic complement inhibition (68, 79) and then as a measure of the level of appropriate inhibition (80); however, this has yet to be firmly established (81).

Similar to the measurement of the sC5b-9, assessment of the additional activation markers (e.g., C4d, C3a, C3d, C5a, Bb) can inform on the level and location of complement activation across the pathways. In fact, when complement profiles, consisting of functional activities of different pathways, factor and regulator levels, and activation products are determined in parallel, characteristic patterns may be obtained. By measuring complement profiles longitudinally, it is possible to gain an insight into the extent and pathway location of a complement activation or inhibition (68). Such a combination of testing shows a potential avenue for biopsy sparing as seen in the work by the group of Smith et al. (82). Taken into account that (a large) consumption of complement components can impact the potential amount of its cleavage products, it is recommended to use the ratio of the native component to its cleavage product (e.g., C3a/C3).

In addition to the methods that have already become fairly well established in the modern complement laboratory, there are more novel tests being developed that may soon be added to quality and standardization efforts. As a refinement of looking at complement functions, groups have started to look at the function or inhibition of the individual complement convertases (65, 83). Although these methods have a clear benefit to research into understanding the complement system, they also present a clinical potential to look more closely at the therapeutic level of complement inhibition or dysregulation.

Another area of recent advancement is the potential to gain information by multiplexing complement testing. As complement is a cascade of multiple pathways and multiple components, the value of being able to test across the pathways is clear (84). An example of the potential value of this type of approach is presented in the work of Lennart Hammarström of the Karolinska Institute that has pioneered using dried blood spot samples in conjunction with multiplex immunoassays to detect primary complement deficiencies (85). Taking another approach, the group led by Marien I. de Jonge has demonstrated success using mass spectrometry to profile the complement system (84). These early successes are likely only the start of future multiplex testing in the complement laboratory. These new directions and methods not only present great potential for the clinical immunology laboratory but also present yet more challenges around the question of standardization and external quality assessment program for complement testing.

Importantly, conclusive complement analysis depends on correct sampling and subsequent preanalytical handling of the samples (86–88). With the exception of C3 and C4, for which the method of measurement has been designed, so as to gain stability, most of the complement measures will be affected by these factors. The complement function measures will decrease with poor post draw handling, and the activation markers will increase (87, 88). Serum is best suited for functional analysis of the complement pathways and for measuring the concentration of complement components, as well as autoantibodies, whereas the quantification of activation products needs to be performed using EDTA plasma. Chelating divalent cations, such as Ca2+ and Mg2+, EDTA at concentrations of 10 mM or higher inhibit complement activation from occurring rapidly ex vivo (52, 61). Another important measure to prevent ex vivo complement activation, serum and EDTA plasma have to be separated from blood cells as rapidly as possible. Subsequently, they need to be subject to immediate analysis or be frozen at −80°C until assayed or shipped to specialized laboratories (http://www.ecomplement.org/european-complement-labs.html) on dry ice.



Results of Quality Control of Diagnostic Complement Testing

As with all fields of clinical diagnostics, test standardization and documentation, which is supported by internal and external control programs, is of utmost importance (89) for a high quality of complement analysis. The external quality assurance (EQA) program for diagnostic complement laboratories was first established in 2010, with 12 participating laboratories (90). Initially, eight parameters were evaluated (activity of the three pathways, C3, C4, C1q, C1-INH protein, and activity). This number soon went up to 20 parameters, including additional regulators (factor H, factor I), activation products (C3a, C3d, Bb, sC5b-9), and autoantibodies (anti-C1-INH [IgG/IgA/IgM], anti-C1q, C3Nef, anti-FH). Similarly, the number of participating laboratories grew to a total of 35 laboratories in the 2015 EQA round (90) and to more than 200 in 2021. In 2016, members of the Quality Assurance and Standardization of Complement Measurements group hold a 2-day meeting in Budapest where a joint decision to step to the next level with organizational matters was reached. Since 2016, the EQA program has been organized and evaluated by INSTAND (https://www.instand-ev.de/en/), a German non-profit interdisciplinary institute for quality assurance in medical laboratories. Each year, coded samples are sent to registered laboratories. Because there is no target value or reference method available for complement tests, a consensus value of each assay is determined as the mean (with acceptable range of deviation) of the participant’s data, based on predefined schemes by the program directors. If participant numbers in the various method subgroups for a specific assay allow separate analysis (a number higher than or equal to 8), results are evaluated and reported separately.

Figure 2 shows the development of participation in the complement EQA program, where results are stratified according to the number of tests evaluated in the given laboratory/year. A clear increase in participation has occurred over the past 5 years, with the highest rise in the number of laboratories evaluating only a few tests (one to four). These laboratories are mainly clinical immunology-oriented, offering complement tests beyond C3 and C4 (e.g., classical pathway activity, C1-INH activity, and anti-C1q). A small increase in the number of laboratories with five to nine tests can also be observed; these are laboratories characteristically offering an extended spectrum of complement tests for either angioedema, glomerulonephritis, or complement deficiency. However, the number of expert complement laboratories offering at least 10 parameters (pathway function multiple autoantibodies, activation products and multiple complement inhibitors) is still limited.




Figure 2 | Number of participating laboratories in the external quality assurance program of diagnostic complement laboratories. Participation trends in the past 5 years (2016–2020) are shown separately by the number of tests evaluated in the given laboratory. Note: laboratories participating with more than nine tests are merged as “≥10.”.



Figures 3–5 show success rates and participant numbers for individual tests in the past 5 years. There are—among others—several sample, method, platform, or calibration-related factors that together determine success rates; the field of diagnostic complement testing is particularly sensitive to several of those factors. The highest success rates (consistently >90% with one exception) were observed for C3 and C4 (Figure 3). The two widely used methods (nephelometry and turbidimetry) for C3 and C4 both resulted in equally high performance on all platforms. Similarly, well-performing assays are those for C1-INH protein (88%) and activity (85%). For C1-INH protein, we observed a method-based difference, because the two thirds of the laboratories using nephelometry had consistently better performance (>90%) than those using other methods (mainly ELISA, radial immunodiffusion, or turbidimetry). For C1-INH activity determinations with chromogenic-substrate- or ELISA-based tests yielded an equally high performance. It must be noted that among the 20 assays evaluated in the complement EQA program only C1-INH protein, C3 and C4 are parameters where the majority of the participants use the same method (nephelometry) that is calibrated with international serum protein calibrators regularly used for various serum protein assays on the nephelometers. This appears to be an important determinant of the good analytical performance of these assays.




Figure 3 | Number of laboratories that “failed” or “passed” in the given year in the EQA program for C3, C4, C1-INH protein, and activity, C1q, factors H and I. Success rate was calculated as frequency of laboratories with ‘passed’ results among all the participants. “Total” indicates the average success rate for the whole group in the past 5 years (2016–2020). Note, that laboratories using commercial nephelometry or radial immunodiffusion (RID) assays have consistently better success rates than laboratories using in-house ELISA or homemade RID. The lack of uniform calibration and a frequent use of ill-defined “units”/ml, both excluded the possibility to evaluate such results in the EQA program (the size of the homogenous method/dimension groups is too low). This is a factor in the increasing proportion of laboratories without certificate.






Figure 4 | Number of laboratories that “failed” or “passed” in the given year in the EQA program for classical, alternative, or lectin pathways, and terminal pathway activation marker sC5b-9. Success rate was calculated as frequency of laboratories with “passed” results among all of the participants. “Total” indicates the average success rate for the whole group in the past 5 years (2016–2020).






Figure 5 | Number of laboratories that “failed” or “passed” in the given year in the EQA program for autoantibodies against C1-INH, C1q, Factor H, and C3 nephritic factor. Success rate was calculated as frequency of laboratories with “passed” results among all of the participants. “Total” indicates the average success rate for the whole group in the past 5 years (2016–2020).



The situation for additional complement proteins is sharply different, as presented also in Figure 3. Average success rates in the past 5 years for C1q, factor H, and factor I never reached 80% in any of the years, without a true increase in the number of participating laboratories. These results are most probably related to multiple factors, such as the frequent use of laboratory-developed assays plus the lack of calibration or agreement on the dimension used to calculate assay results. Measuring the activity of the classical complement pathway (Figure 4) provides another illustrative example for this method/dimension problem: the three methods (hemolysis based on sheep red blood cells (SRBC), liposome-based assays and ELISA) with the three widely used dimensions (hemolytic units [CH50/mL], percent lysis of normal serum, and various units/mL) make it sometimes difficult to form appropriate and reasonably sized groups for data evaluation. However, with a higher number of participating laboratories and harmonization of methods over the last 2 years, the performance appears to improve.

For activity measurements of the alternative pathway, the two widely used methods are ELISA and hemolytic assays, whereas for the lectin pathway, ELISA is the only available method (Figure 4). Success rates vary between fair and good (50%–93%) in the past 5 years, without a notable trend in the results or differences between the two methods (where available). The same is true for the determination of the terminal pathway activation marker sC5b-9. Results of the ELISA, the only method available, vary between 58% and 79%, despite the fact that 80% of the participants use the same commercial kit for analysis. It should be noted that participants, applying non-commercial assays for sC5b-9, reported consistently poorer results in the past years.

For autoantibodies against complement proteins and inhibitors, the situation is approximately the same in the past 5 years (Figure 5). Testing complement autoantibodies is far from being standardized, although some laboratories (especially for anti-FH and anti-C1-INH) attempt to harmonize assay readouts and calibration (74, 91). Despite all efforts, the process of method harmonization and calibration is not yet completed. Therefore, for these analytes, results are evaluated only by qualitative manner reporting readouts compared with their own reference ranges (pos/neg). Anti-C1-INH autoantibodies for the identification of patients with acquired C1-INH deficiency are measured in only a few (5-7) laboratories worldwide. Results of anti-C1-INH have been inconsistent in the past years; therefore, a reference material was developed in the FüstGyörgy Complement Diagnostic Laboratory, Budapest, to calibrate and control the assays. This anti-C1-INH calibrator material is available for all laboratories, participating in this EQA program (please contact the corresponding author of this paper). Anti-C1q analysis is done routinely (mainly by commercial assays) in several immunology and complement laboratories (about 30–40). Here again, results of commercial assays performed better compared with homemade assays. Nephritic factors (92), including C3 nephritic factor against the alternative pathway C3-convertase, are poorly defined functional autoantibodies posing difficulties in laboratory evaluation. There are several different methods (with the SRBC hemolysis-based original method (93) as the current gold standard), which are used in the few laboratories offering this determination as part of the routine workup; the results are largely divergent, even if evaluated qualitatively. There is a clear need for assay development in this area because of the lack of available commercial assay for this autoantibody. Finally, performance of anti-FH autoantibody determination is good, despite the fact that the majority of the laboratories use homemade assays. This achievement is most probably related to the shared protocol and calibrator material offered by the Paris complement Lab (94).



Conclusions

With the advent of targeted complement therapeutics, several complement-mediated diseases have become manageable; hence, diagnosis, prognosis, and follow-up on treatment efficacy in such diseases become a new task for diagnostic complement laboratories. With the recognition of this unmet need, the initiation and organization of an external quality assurance and standardization program for diagnostic complement laboratories helped to speed up developments in this area. The number of participating laboratories increased in the past years, hence, high-quality, extended complement service is more widely available for the patients and treating physicians. Although the quality improvement is not homogenous for all analytes and assays in the field, the most important measurements show clear progress in complement diagnostics.
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Severe fever with thrombocytopenia syndrome (SFTS) is a new tick-borne viral disease, and most SFTS virus (SFTSV) infections occur via bites from the tick Haemaphysalis longicornis; however, SFTSV transmission can also occur through close contact with an infected patient. SFTS is characterized by acute high fever, thrombocytopenia, leukopenia, elevated serum hepatic enzyme levels, gastrointestinal symptoms, and multiorgan failure and has a 16.2 to 30% mortality rate. In this study, we found that age, dyspnea rates, aspartate aminotransferase (AST), alanine aminotransferase (ALT), lactate dehydrogenase, multiorgan dysfunction score (MODS), viral load, IL-6 levels, and IL-10 levels were higher in patients with fatal disease than in patients with nonfatal disease during the initial clinical course of SFTS. In addition, we found that IL-6 and IL-10 levels, rather than viral load and neutralizing antibody titers, in patients with an SFTSV infection strongly correlated with outcomes (for severe disease with an ultimate outcome of recovery or death).




Keywords: severe fever with thrombocytopenia syndrome, tick-borne viral diseases, IL-6, IL-10, South Korea



Introduction

Severe fever with thrombocytopenia syndrome (SFTS), a new tick-borne viral disease with a high mortality rate, was first reported in China in 2009, South Korea in 2010, Japan in 2013, Vietnam in 2017, Myanmar in 2018, Taiwan in 2019, and Thailand and Pakistan in 2020 (1–8).

Most SFTSV infections occur via bites from the tick Haemaphysalis longicornis; however, SFTSV transmission can also occur through close contact with an infected patient (9).

SFTS is characterized by acute high fever, thrombocytopenia, leukopenia, elevated serum hepatic enzyme levels, gastrointestinal symptoms, and multiorgan failure and has a 16.2 to 30% mortality rate (1, 3, 6, 10).

In this study, we report the clinical and laboratory variables and clinical outcomes of confirmed SFTS patients with nonfatal and fatal disease from 2013 to 2019 in South Korea and show that age, dyspnea rates, aspartate aminotransferase (AST), alanine aminotransferase (ALT), lactate dehydrogenase, multiorgan dysfunction score (MODS), viral load, IL-6 levels, and IL-10 levels were higher in patients with fatal disease than in patients with nonfatal disease during the initial clinical course of SFTS.

In addition, we found that systemic IL-6 and IL-10 levels in patients with an SFTSV infection more strongly correlated with outcomes (for severe disease with an ultimate outcome of recovery or death) than did viral load and neutralizing antibodies.



Materials And Methods

We confirmed 62 SFTS patients treated at a single tertiary hospital on Jeju Island from April 2013 to December 2019 (case fatality rate (CFR = 11.2%), and 54 SFTS patients were enrolled in the study (Table 1).


Table 1 | Demographics and baseline characteristics of patients infected with SFTSV in Jeju, South Korea, from 2013 to 2019 (n=54).



To investigate demographic, clinical, and laboratory variables, including SFTS viral loads (Ct value) and the levels of cytokines (obtained during the first visit to the hospital), we collected 155 serum samples from 54 patients (patients with nonfatal disease: n = 47, mean age: 61.4 ± 14.4; patients with fatal disease: n = 7, mean age: 72.0 ± 9.9, CFR = 12.96%). Laboratory variables were confirmed in the Laboratory Department of Jeju National University Hospital (Table 1). This study was approved by the Institutional Review Board (IRB) of Jeju National University Hospital (IRB file no. 2018-11-002).

For molecular diagnosis of SFTSV and measurements of viral load, RNA was extracted from stored patient serum (155 serum samples from 54 patients) using a QIAamp Viral RNA Mini kit (QIAGEN, Hilden, Germany). Real-time one-step RT-PCR was performed using an Ezplex® SFTS virus Real-time PCR Kit (SMLGENETREE, South Korea) according to the manufacturer’s instructions. The patients were confirmed within one day in the hospital.

To characterize the effect of SFTSV infection on the production of serum cytokines in SFTS patients, interleukin-2 (IL-2), IL-4, IL-6, IL-10, IL-17A, tumor necrosis factor (TNF-α), and interferon-γ (IFN-γ) were measured using human Th1/Th2/Th17 CBA kits (BD Bioscience, San Diego, CA) according to the manufacturer’s instructions, with minor modifications. Sample acquisitions were performed with a FACS Canto II flow cytometer and analyzed by FCAP Array software version 3.0 (BD Bioscience, San Diego, CA).

All statistical analyses were performed using SPSS version 20.0 (IBM Corp., Armonk, NY, USA). P values < 0.05 indicated statistical significance. To compare the mean difference between patients with fatal and nonfatal disease, we usually used a two-samples t-test. When using this method, we checked some assumptions, such as normality, equal variance, and independence. In this case, the two groups had quite different sample sizes (n = 47 and n = 7), and the normality assumption for each group did not hold. We used a nonparametric two-sample t-test called the Wilcoxon-Mann-Whitney test (Tables 1 and 2).


Table 2 | Comparison of cytokine concentrations between patients with nonfatal and fatal diseasea.





Results

We confirmed 62 SFTS patients treated at a single tertiary hospital on Jeju Island from April 2013 to December 2019 (case fatality rate (CFR) = 11.2%, and 54 SFTS patients (patients with nonfatal disease: n = 47, mean age: 61.4 ± 14.4; patients with fatal disease: n = 7, mean age: 72.0 ± 9.9, CFR = 12.96%) enrolled in the study (Table 1).

Among the 54 SFTS patients, age, dyspnea rates, body temperature, AST, ALT, LDH, MODS, viral load, IL-6 levels, and IL-10 levels were significantly associated with the outcomes of patients with SFTSV (Tables 1, 2). Compared with patients with nonfatal disease, patients with fatal disease had higher age (p-value 0.046), dyspnea rates (0.001), AST (<0.001), ALT (0.004), LDH (<.0001), MODS (<.0001), viral load (0.0019), serum IL-6 levels (<.0001), and serum IL-10 levels (0.0003) and lower body temperature (0.04) during the initial clinical course of hospitalization (Tables 1, 2). However, there were no statistically significant differences in plasma levels of IL-2, IL-4, IL-17A, TNF-α, and IFN-γ between patients with nonfatal and fatal disease (Table 2).

We also studied the kinetics of the viral load and cytokine levels and compared them with the titer of neutralizing antibodies, which was previously shown to differ between patients with fatal severe disease and patients with nonfatal severe disease (11).

In patients with nonfatal severe disease, the levels of IL-6 and IL-10 were lower, and the viral load was higher than those of patients with fatal severe disease and decreased over time. In our previous paper, we showed that the titer of neutralizing antibodies in patients with nonfatal severe disease increased over time, although one patient with nonfatal severe disease did not produce neutralizing antibodies, similar to patients with fatal severe disease (Tables 3-1, 3-2).


Table 3-1 | Comparison of IL-6 and IL-10 concentrations, viral load, and neutralizing antibody titers between patients with fatal severe disease and patients with nonfatal severe disease.




Table 3-2 | Kinetics of IL-6 and IL-10 concentrations, viral load, and neutralizing antibody titers in patients with nonfatal severe disease.





Discussion

IL-6, a proinflammatory cytokine, is essential for escalating the cell response to control persistent viral infection, and expression of IL-10, an important anti-inflammatory cytokine, is significantly elevated in SFTS patients, especially in patients with fatal disease.

The overproduction of IL-6 and IL-10 can create a cytokine storm, which is considered to contribute to the pathology of SFTS (12, 13).

In this study, high levels of IL-6 and IL-10 and high viral loads were found to coexist in patients with fatal and nonfatal disease.

In addition, IL-6 and IL-10 levels were higher in patients with fatal severe disease than in patients with nonfatal severe disease, and the levels of these cytokines were both decreased in patients with nonfatal severe disease.

The viral load was higher in patients with nonfatal severe disease than in patients with fatal severe disease at the first visit to the hospital and decreased over time. The titers of neutralizing antibodies for some patients with nonfatal severe disease was lower than that of patients with fatal severe disease at the first visit to the hospital but increased over time. However, one patient did not produce neutralizing antibodies such as a patient with fatal severe disease.

Therefore, we suggest that IL-6 and IL-10 determine the fate of patients (for severe disease with an ultimate outcome of recovery or death) more than viral load and the titer of neutralizing antibodies.

The limitations of our study include the relatively small number of patients studied (n = 54). However, this is a rigorous prospective study that took 7 years (from 2013 to 2019) in a representative hospital for the treatment of SFTS on Jeju Island, South Korea.

In summary, we reported that the levels of serum IL-6 and IL-10 were elevated in patients with fatal severe disease, while the levels these cytokines decreased in patients with nonfatal severe disease. This suggests that IL-6 and IL-10, rather than viral load and the titer of neutralizing antibodies, play an important role in determining the fate of patients.
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Serological testing is a powerful tool in epidemiological studies for understanding viral circulation and assessing the effectiveness of virus control measures, as is the case of SARS-CoV-2, the pathogenic agent of COVID-19. Immunoassays can quantitatively reveal the concentration of antiviral antibodies. The assessment of antiviral antibody titers may provide information on virus exposure, and changes in IgG levels are also indicative of a reduction in viral circulation. In this work, we describe a serological study for the evaluation of antiviral IgG and IgM antibodies and their correlation with antiviral activity. The serological assay for IgG detection used two SARS-CoV-2 proteins as antigens, the nucleocapsid N protein and the 3CL protease. Cross-reactivity tests in animals have shown high selectivity for detection of antiviral antibodies, using both the N and 3CL antigens. Using samples of human serum from individuals previously diagnosed by PCR for COVID-19, we observed high sensitivity of the ELISA assay. Serological results with human samples also suggest that the combination of higher titers of antiviral IgG antibodies to different antigen targets may be associated with greater neutralization activity, which can be enhanced in the presence of antiviral IgM antibodies
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Introduction

SARS-CoV-2 is a single-stranded RNA virus that belongs to the Betacoronavirus genus. The virus genome encodes 27 proteins. The virus envelope of SARS-CoV-2 consists of a phospholipid bilayer containing structural proteins such as spike protein (S), membrane protein (M), and envelope protein (E). The capsid also harbors the most abundant structural nucleocapsid protein (N) that plays a critical role in genome packaging. The S protein is a surface glycoprotein that decorates the virus envelope and mediates binding to cell surface receptors and particle internalization on target cells. The membrane protein acts as a scaffold that interacts with the envelope protein that mediates membrane bending and cleavage to generate virus particles (1–3). Non-structural proteins participate in biological processes such as viral replication and pathogenesis (4). These proteins are translated as polyproteins that are cleaved by the 3CL protease to generate functional proteins (5).

The S and N proteins are the most used antigens for detecting antiviral antibodies (6–9). Assays targeting the detection of N antigen may show greater sensitivity than assays targeting the S antigen. Previous data revealed a longer persistence of antibodies generated against N protein in human serum compared to other SARS-CoV structural proteins (7, 10, 11). The IgM antiviral antibodies appear in the acute phase of viral infection and can be detected about 3 to 6 days of symptom onset (9), while IgG antibodies can be detected after 2 to 3 weeks of symptom onset (6, 9). The gold standard assay for COVID-19 diagnosis is the PCR assay, which detects the genome of the SARS-CoV-2 virus (12); however, the detection rate may be less than 70%, in the case handling problems and sample collection or even the loss of the window of detection of viral replication (9, 13). The use of serological assays in conjunction with the PCR test may improve COVID-19 diagnosis (9, 12). In contrast to the PCR test, which has a narrow range of time to detect the virus during the infectious condition, serological tests make it possible to detect antibodies even after the loss of symptoms and resolution of the infection (14). The combination of viral antigens may enhance antiviral serological detection assays (15).

Human antibodies may have the ability to neutralize the SARS-CoV-2 virus (16, 17); however, data in the literature report the coexistence of antiviral IgG antibodies in individuals with active infection by SARS-CoV-2 for more than 45 days (18). This observation raises questions about the correlation between the presence of antiviral antibodies and protective immunity against infections or reinfection by SARS-CoV-2. Therefore, it is relevant to investigate new strategies based on serological tests that may suggest protective immunity by neutralizing antibodies. In this work, we explore results of serological testing with SARS-CoV-2 viral antigens N, 3CL, and associations with virus neutralization potential.



Materials and Methods


Viral Propagation and Inactivation

SARS-CoV-2/SP02/human/2020/BRA isolated in Brazil (GenBank accession number MT126808.1), kindly provided by Prof. Edison Luiz Durigon (USP-SP, Brazil), were propagated in Vero CCL81 cells (BCRJ, #0245). Experiments with SARS-CoV-2 infectious particles were performed in a Biosafety level-3 (BSL-3) facility from the University of Campinas (UNICAMP). Further experiments with inactivated particles were performed in a BSL-2 facility, at CNPEM, after SARS-CoV-2 inactivation by 30 min of UV exposure. The validation of the inactivation procedure was performed by inoculation of treated supernatants into Vero cell culture. The cell culture media was harvested and tested by plaque-titration assay and qPCR to check the absence of virus.

DENV and ZIKV (MR766) were propagated in Vero CCL81 cells in a BSL-2 facility, at CNPEM, and titered by plaque assay. The virus produced in the supernatant of the cell culture was used in immunization assays, without inactivation. Adenovirus preparations were grown in HEK293 at a BSL-2 laboratory at CNPEM. The produced Adenovirus was a non-replicant viral vector, lacking E1 and E3 genes (19). The Rhinovirus preparation was kindly provided by Dr. Clarice Arns from UNICAMP.



Mice Immunization

The 6- to 8-week-old female BALB/c mice were acquired from CEMIB (Centro Multidisciplinar para Investigação Biológica, Campinas, SP) and maintained, housed in groups of five in propylene cages, under specific pathogen-free conditions, fed a standard laboratory diet, and given water ad libitum. All experimental procedures were performed in accordance with the ethical regulation established by the Brazilian College of Animal Experimentation and approved by the Animal Experimentation Ethics Committee of the CNPEM.

Four each antigen (SARS-CoV-2, DENV, ZIKV, Adenovirus, and Rhinovirus), five female BALB/c mice were intraperitoneally injected with 100 μl as follows: first dose of 1 × 104 PFUs in Freund Complete Adjuvant (FCA). Seven days later, a second dose was administered, replacing FCA by FIA (Freund Incomplete Adjuvant). Furthermore, 14 days after the first dose, the blood was collected through cardiac puncture or from the venous sinus (retro-orbital bleeding), and the serum was separated and stored at −20°C for further analysis.



Human Samples

Serum samples and PCR samples were collected from the staff of Dante Pazzanese Hospital. The samples were collected by healthcare professionals with approval from the Ethics Committee of the Dante Pazzanese Hospital. All handling of human samples for ELISA assays was performed at a BSL-2 facility at CNPEM. The human serum was heat inactivated at 56°C for 30 min.



Cloning Procedures and Plasmids

The SARS-CoV-2 RNA was isolated from virus particles with the QIAmp viral RNA mini kit (Qiagen, USA) and reversely transcribed to cDNA with the High Capacity Reverse Transcription Kit (Thermo, USA). The N sequence (GenBank: QIG56001.1) was amplified from cDNA samples using primers SC2-protN28182-F (5’-AGTCTTGTAGTGCGTTGTTCG-3’) and SC2-protN29566-R (5’-ATAGCCCATCTGCCTTGTGT-3’) and cloned into pGEM-T Easy (PROMEGA, USA), generating plasmid pGEM-SC2-N. The N sequence was reamplified from pGEM-SC2N with forward 5’-AACAAGCTAGCATGTCTGATAATGGACCCCAAAATCAG-3’ and reverse 5’-GGTCTGCGGCCGCTTAGGCCTGAGTTGAGTCAGCACTGCT-3’ primers and subcloned into the NheI/NotI sites of a pET28a-TEV vector carrying a 6xHis-tag and TEV protease cleavage site at the N-terminus.

The Mpro sequence (GenBank: QIG55993.1) was amplified from a synthetic gene with optimized codon usage for bacterial expression (GenScript, USA) using the forward 5´-CGCCCATGGCCCGCGGATCCTCGGCAGTGCTGCAATCAGGATTTAGGAAAATGGCTTTCCCCTCG-3´ and reverse 5´-CGTCAGTGCAGCGGGGTGACGTTCCAAGGACCCCATCATCATCATCATCATTAAAAGCTTCGG-3´ primers and cloned into the NcoI/HindIII sites of pET28a (Novagen, USA). The designed construct carries an Mpro cleavage site (SAVLQ/SGFRK) at the N-terminus and a modified PreScission cleavage site (SGVTFQ/GP) preceding a 6xHis-tag at the C-terminus (20).



Protein Expression and Purification

The N protein was expressed in Escherichia coli BL21 (DE3) cells (Novagen, USA) and purified by metal-affinity and size-exclusion chromatography. Cells were grown at 37°C under agitation (200 rpm) in LB medium containing kanamycin (50 mg/L) to an optical density (OD600nm) of 0.8. Recombinant protein expression was induced by the addition of 0.1 mM isopropyl-thio-β-d-galactopyranoside (IPTG) for 16 h at 25°C. After centrifugation, cells were resuspended in lysis buffer (50 mM sodium phosphate, pH 7.6, 300 mM NaCl, 10% v/v glycerol, and 1 mM phenylmethylsulfonyl fluoride) and incubated on ice with lysozyme (0.1 mg/ml) for 30 min. Bacterial cells were disrupted by sonication and the soluble fraction was loaded on a 5-ml HiTrap Chelating HP column (Cytiva, USA) previously equilibrated with the same buffer. Proteins were eluted using a linear gradient (20 to 500 mM) of imidazole at a flow rate of 1 ml/min. Eluted fractions containing the N protein were pooled, concentrated, and loaded on a HiLoad 16/60 Superdex 200 column (Cytiva, USA), previously equilibrated with 10 mM Tris, pH 8.0, and 100 mM NaCl, at a flow rate of 0.5 ml/min.

The Mpro protease was produced as previously described (21). BL21(DE3) cells carrying the Mpro construct were cultured in YT medium supplemented with kanamycin (100 mg/L) and incubated at 37°C under agitation (200 rpm). When the OD600nm reached 0.8, the temperature was lowered to 16°C and protein production was induced with 0.5 mM IPTG for 16 h. Bacterial cells harvested by centrifugation were resuspended in 20 mM Tris, pH 7.8, and 150 mM NaCl and lysed by sonication on ice. The cell lysate clarified by centrifugation was loaded on a 5-ml HisTrap column (Cytiva, USA) previously equilibrated with the same buffer. Bound proteins were eluted with a linear imidazole gradient (0 to 500 mM) in 20 mM Tris, pH 7.8, and 150 mM NaCl. Fractions containing the Mpro protein were pooled, mixed with a GST-tagged PreScission protease (5:1 molar ratio), and dialyzed overnight at 4°C in 20 mM Tris, pH 7.8, 150 mM NaCl, and 1 mM DTT. The dialyzed fraction was loaded onto a GSTTrap (Cytiva, USA) connected to a HisTrap column to simultaneously separate the 6xHis-tag and PreScission protease from the cleaved Mpro, which was further dialyzed overnight in 20 mM Tris, pH 8.0, and 1 mM DTT. The suspension was loaded on a HiTrap Q column (Cytiva, USA) equilibrated with the same buffer. Bound proteins were eluted with 20 mM Tris, pH 8.0, 1 M NaCl, and 1 mM DTT, with a linear gradient of NaCl (0 to 500 mM). Fractions containing the Mpro protein were concentrated and subjected to a size-exclusion chromatography on a HiLoad 16/600 Superdex 75 column (Cytiva, USA) equilibrated with 20 mM Tris, pH 7.8, 150 mM NaCl, 1 mM EDTA, and 1 mM DTT.

Protein purity was analyzed by SDS-PAGE (Supplementary Figure S5), and protein concentration was determined by absorbance at 280 nm using the molar extinction coefficient calculated from the amino acid composition. Protein samples were concentrated and stored at −80°C.



Enzyme-Linked Immunosorbent Assay (ELISA)

ELISA was performed in 96-well plates coated with 1 μg/ml of virus antigen. When indicated, plates were also coated with 0.1 μg/ml of antigen or 1:250 dilution of inactivated virus. Plates were coated overnight at 4°C, washed, and incubated with the indicated serum dilution for 2 h at 37°C. The anti-mouse IgG-HRP secondary antibody (Sigma, USA) was added 1:10,000 and incubated at 37°C for 1 h. The anti-human IgG-HRP secondary antibody (Sigma, USA) was added 1:30,000 and incubated at 37°C for 1 h. The TMB substrate (Thermo Scientific, USA) was added, reactions were stopped with 1 N HCl, and plates were read at 450 nm.



Plaque Reduction Neutralization Test

Plaque reduction neutralization test (PRNT) was performed in 24-well plates with a confluent monolayer of Vero CCL-81 (ATCC) maintained in DMEM supplemented with 10% fetal bovine serum (FBS) and 1% v/v penicillin/streptomycin. Serial dilutions (1/10, 1/20, 1/40, and 1/80) of SARS-CoV-2 antibody-positive and -negative human serum were heat inactivated for 30 min at 56°C before use. Serum samples were incubated with 100 PFU of SARS-CoV-2 for 1 h at 37°C. Antibody–virus complexes (250 µl) were added on Vero cell cultures and incubated at 37°C for 1 h. The virus–serum inoculum was removed after the adsorption, and 1 ml of 1% w/v carboxymethyl cellulose (CMC) overlay medium containing 5% FBS and 1% penicillin/streptomycin was added per well. Plates were incubated for 72 h at 37°C at 5% CO2. Plates were washed and fixed in 8% w/v PFA for 1 h at room temperature and subsequently stained in 1% w/v methylene blue. Virus plaque-forming units (PFU) were counted and compared to wells infected with SARS-CoV-2 in the absence of antibody to evaluate percentual of PFU reduction.




Results


Serum of Animals Immunized With Inactivated Viral Particles Are Reactive to Recombinant N and 3CL Antigens

The genes encoding viral proteins N and 3CL were cloned from the cDNA of SARS-CoV-2 in bacterial expression vectors. The proteins were expressed, purified, and characterized (Supplementary Figure 5). ELISA (Enzyme-Linked Immunosorbent Assay) was performed, in which these proteins were used as antigens in two concentrations (1 μg/ml and 100 ng/ml) on test plates. The inactivated viral particles diluted 1:250 were used as a control. Next, the serum from animals immunized with SARS-CoV-2 virus particles (IS) and the serum from non-immunized animals (NIS) were added. The result showed that antiviral IgG antibodies could be detected in immunized animals in three dilutions of serum (1:500, 1:1,000, and 1:5,000), for both antigenic targets in experiments in which plates were coated with 1 μg/ml of antigen (Figure 1A) and 100 ng/ml (Figure 1B).




Figure 1 | ELISA assay for detection of mice antiviral antibodies. Mice were immunized with inactivated SARS-CoV-2 virus, and serum samples were collected with 14 days. (A) Plates were coated with 1.0 mg/ml of indicated viral antigens or 1:250 of inactivated virus. (B) plates were adsorbed with 100 ng/ml of indicated viral antigens or 1:250 of inactivated virus. Target antigens: prot.N (N protein), prot.3CL (3CL protein), prot.S (S protein), inactivated virus 1:250 (inactivated virus diluted 1:250), PBS 1x (1X PBS diluent as negative control). Two-way ANOVA, p < 0.05 for IS against NIS for all target antigens, but PBS 1x, in all dilutions. Representative experiment of two independent experiments. The serum of five animals was pooled for each condition.





Cross-Reactivity Assay Shows High Antigen Selectivity for Anti-SARS-CoV-2 Antibody Detection

A relevant question for the validation of an assay is to test the selectivity for the target antigen. In this way, we sought to investigate whether a nonspecific increase in IgG titer could cause false-positive detection. We performed a test to compare the detection of SARS-CoV-2 IgG antiviral antibodies by comparing sera from animals immunized with inactivated SARS-CoV-2 virus (IS) and with sera from animals immunized with other infectious agents found in Brazil, including Dengue virus (DENV) and Zika virus (ZIKV). We also tested the serum of animals immunized with Adenovirus and Rhinovirus. In these tests, we used different dilutions of serum from animals that were incubated with both antigenic targets to perform ELISA: The N protein (Figure 2A) and the 3CL protease (Figure 2B). We observed that the serum of animals immunized with ZIKV or DENV did not show cross-reactivity in this assay, and the serum from animals immunized with Adenovirus and Rhinovirus exhibited a low-intensity background signal over. Serum from non-immunized animals (NIS) was used as a control.




Figure 2 | Cross reactivity assay. Serum samples at indicated dilutions were incubated with antigen-coated plates. (A) Plates were coated with N protein. (B) Plates were coated with 3CL protein. (−) negative control, no serum; 1:500, 1:1,000, 1:2,000, 1:4,000, and 1:8,000: serum dilution; NIS, non-immune serum; IS,immune serum of mice immunized with inactivated SARS-CoV-2; MR766, immune serum of ZIKV challenged mice; DENV, immune serum of DENV challenged mice; Adenovirus, immune serum of Adenovirus challenged mice and Rhinovirus: immune serum of Rhinovirus challenged mice. Two-way ANOVA, p < 0.05 for IS against NIS in all dilutions, but 3CL 1:8000. The serum of five animals was pooled for each condition.





The Immunoassay With Viral Antigens N Protein and 3CL Protease Allows the Detection of Anti-SARS-CoV-2 IgG Antibodies in Human Serum

After testing the ELISA with animal serum, we also tested human serum samples. These samples were collected from individuals previously diagnosed by PCR. The immunoassay consisted of revealing the presence of human anti-SARS-CoV-2 antibodies in serum samples added to plates coated with the viral antigens: N protein and 3CL protease. The dilutions of human serum were previously defined (Supplementary Figure 1), and we chose a dilution of 1:100, as it had a higher signal intensity under the conditions of our test. The ELISA revealed, in a semi-quantitative manner, antiviral antibodies present in the serum, compared to a non-immune serum (NIS), collected in the first semester of 2019, prior to the COVID-19 pandemic (Supplementary Figure 6). Thus, we could observe samples with absorbance signals above the control serum. Since we have previously collected oropharyngeal swabs from blood donors, the ELISA results could be compared with PCR results (Figure 3), making it possible to calculate the sensitivity and specificity of the immunoassay for both SARS-CoV-2 antigens, N protein, and 3CL protease. For this, we initially arbitrated a cutoff over the NIS absorbance, choosing a factor, which varied from 1 to 2, that allowed the calculation of sensitivity and specificity for each condition (Supplementary Figure 2). For serological tests, we chose a cutoff factor of 1.3, yielding a 94% sensitivity for both N and 3CL antigens, compared to PCR.




Figure 3 | ELISA assay for IgG detection in human samples. (A) Serum samples diluted 1:100 were incubated to N protein-coated ELISA plates. (B) Serum samples diluted 1:100 were incubated to 3CL protein-coated ELISA plates. (−) negative control, absence of serum; NIS: non-immune human serum. the PCR status of nasal and oropharyngeal swab related to serum donors is indicated below the graph. Cutoff was set to NIS × 1.3. Representative experiment of two independent experiments.





Serological Testing on Track of Protective Antibodies

The immunological assays allow a high-sensitivity detection of antiviral antibodies in serum samples. A relevant issue related with the use of serological assays is the determination of parameters that could suggest protective immunity mediated by neutralizing antibodies. In this sense, we investigated the potential for viral neutralization in cell culture, of human serum samples, in comparison to the results obtained with serological assays for the detection of antiviral antibodies. To test this, we performed a Plaque Reduction Neutralization Test (PRNT) with different dilutions of 32 serum samples that were characterized in our antiviral serological assays, from individuals previously tested by PCR. The PCR samples were collected 1 to 3 months before serological assay. We found that 16 samples exhibited a neutralization potential, above 50% (Figure 4). When analyzing ELISA’s results (Figure 3), we could observe high-intensity absorbance signals for some samples that stood out from the others. Thus, we arbitrated a neutralization cutoff (NCO), as being twice the detection cutoff (DCO), and in this way, we found that 79% of the samples that exhibited a high level of anti-N IgG antibodies correlated to PRNT above 50%. When analyzing results for 3CL antigen, we observed 83% of samples with PRNT above 50%, and for the combination of both N and 3CL antigens, the correlation increased to 90% of samples with PRNT above 50%.




Figure 4 | Serum neutralization assay. Virus was incubated with indicated serum dilution following cell infection. Plaque reduction was calculated.



In addition to the serological immunoassays developed in our laboratory, we also used a commercial lateral flow assay (LFA) to check for the presence of antiviral IgM antibodies to SARS-CoV-2. In the LFA, we found 11 IgM-positive samples (Figure 5). Interestingly, we found that all these 11 IgM-positive samples also exhibited a potential for viral neutralization, with PRNT > 50%.




Figure 5 | Serological profiling and virus neutralization. (A) The table shows absorbance signal for antiviral IgG reactive to N protein and 3CL protein by ELISA assay, IgM detection for N protein by LFA assay, and plaque reduction neutralization test (PRNT). Samples with absorbance signal above neutralization cutoff (twice NIS absorbance signal) for both antigens and samples with PRNT higher than 50% are highlighted in gray. (B) The table shows samples that exhibited high signal for antiviral antibodies to N protein (N), 3CL protease (3CL) and simultaneously (N and 3CL protein), in association to PRNT. In the “above CO” column, we have high IgG signal samples above the IgG positive cutoff (CO). The column PRNT>50 shows samples with neutralization activity higher than 50%. The last column shows the percentage of high neutralization samples that also have IgG signal above the cutoff, or IgM detected.






Discussion

Serological testing for detection of antiviral antibodies can be used as a tool for epidemiological studies of virus circulation and evaluation of measures to contain the spread of infection. In this work, we explored immunoassays to detect antiviral antibodies that are reactive to two SARS-CoV-2 antigens, the N protein and the 3CL protease. The SARS-CoV N protein has been previously demonstrated to be a very sensitive antigen for diagnostic purposes. The antibodies generated for SARS-CoV nucleocapsid protein have been described as the most abundant compared to antibodies generated against other viral antigens (3). Immunoassays targeting SARS-CoV-2 N protein have shown high sensitivity and high specificity (6, 7, 15). Therefore, it becomes interesting to use SARS-CoV-2 N protein as an antigen to detect antiviral antibodies in serological assays. In contrast to the LFA, which indicates whether a sample is positive or negative, the ELISA also indicates the intensity of the signal, making it possible to increase the sensitivity of the test, reducing the DCO, to increase detection of low intensity signals. The ELISA may be more sensitive than LFA for detecting anti-SARS-CoV-2 antibodies (22). In some cases, we found serum samples that were positive with low signals, from individuals diagnosed positive by PCR, and that were not detected in the LFA (Supplementary Figure 3). In our tests, we performed the sensitivity adjustment using an arbitrary cutoff on absorbance values read for NIS. As we did not have a human antiviral antibody reactive to SARS-CoV-2 N protein that could be used to generate a standard curve for quantitative determination, we arbitrated DCO values based on the calculation of the sensitivity of the serological test compared to the previous diagnosis by PCR. These PCR tests were carried out with samples from serum donors 1 to 3 months before harvesting serum samples. Literature data also suggest that PCR tests can provide false-negative results (13, 23, 24), and in this sense, we observed that the serological test may reveal positive samples that had not been detected by PCR. We observed some PCR-negative samples that exhibited a high potential for viral neutralization (Supplementary Figure 4). The results of serological tests may indicate exposure to viral antigens; however, it is not completely clear whether individuals with positive serology would have a protective immunity against the SARS-CoV-2 virus. In this sense, we explored an approach using viral neutralization assays, in which cells challenged with the SARS-CoV-2 virus were incubated with human serum samples, previously analyzed in serological tests. Interestingly, we observed that simultaneous detection of a higher IgG level for two different viral antigens were associated with greater neutralization potentials. We have also observed that samples tested positive for antiviral IgM also may correlate to a higher neutralization potential. It is well known that IgM antibodies play an important role in the acute phase of infection and are usually detectable within about 2 weeks of symptoms onset (25). Despite showing a low affinity for the target, IgM antibodies have a high potential for eliminating pathogens due to their ability to activate the complement system (26). It has been previously demonstrated that IgM antibodies may activate complement system cascade to control influenza virus infections (27, 28). Interestingly, we observed that positive IgM samples, previously inactivated for the complement system, also showed a high neutralizing potential of SARS-CoV-2 in our cell culture plate reduction assays. The IgM antibodies can be up to 10,000 times more effective than IgG for mediating agglutination, which can also be an important process for viral neutralization (26). This finding may raise interesting clues that could be explored to investigate the association of IgM presence and the enhanced virus neutralization.
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The topic of standardization in relation to allergen products has been discussed by allergists, regulators, and manufacturers for a long time. In contrast to synthetic medicinal products, the natural origin of allergen products makes the necessary comparability difficult to achieve. This holds true for both aspects of standardization: Batch-to-batch consistency (or product-specific standardization) and comparability among products from different manufacturers (or cross-product comparability). In this review, we focus on how the United States and the European Union have tackled the topic of allergen product standardization in the past, covering the early joint standardization efforts in the 1970s and 1980s as well as the different paths taken by the two players thereafter until today. So far, these two paths have been based on rather classical immunological methods, including the corresponding benefits like simple feasability. New technologies such as mass spectrometry present an opportunity to redefine the field of allergen standardization in the future.
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Introduction

In the European Union (EU), the term standardization commonly relates to product-specific standardization, defined as the pursuit of homogeneity between batches of a single allergen product, or batch-to-batch consistency. “Standardization” in the US encompasses this European definition, but for allergen products also refers to potency, so that allergen extracts from different manufacturers that are derived from the same source (e.g. cat dander) may be compared. This second level of standardization (for sake of distinction sometimes referred to as cross-product comparability), has also been persued in the EU for many years but has not reached the same authoritative character yet as in the US (1). It should be noted that also other countries than the US or EU members also address standardization. For example, Canada requires the use of existing international reference standards when available (2), and South Korea has set up their own allergen standardization initiative which focuses on allergens most relevant for the Korean peninsula [recently briefly summarized by (3)]. While we acknowledge those programs, the United States and Europe will hence be the focus of this review. Regardless of the method, there is general agreement among regulatory authorities and clinicians that the process of standardization improves both efficicacy and safety of allergen immunotherapy.

The vast majority of allergen products are based on extracts prepared from natural allergenic source materials such as mites, plant pollen or animal dander. Because these products are derived from natural sources, they are heterogeneous and variable. Thus, standardization of allergen products has been challenging beginning with the first attempts by Noon, which were based on comparative conjunctival provocation tests in hay fever patients (4, 5). However, in Europe, product-specific standardization has greatly advanced over the last years, due not only to increasing knowledge about individual components that comprise allergenic extracts and technical progress towards measuring those components, but also due to increasing pressure from regulatory authorities and the allergist community (6–10). Consequently, in Europe, more and more allergen product manufacturers nowadays include e.g. the quantification of relevant single allergen molecules in the batch release specifications of their products (6). Nevertheless, most European allergen extracts are standardized for potency according to their capacity to bind IgE in human sera pooled from 10-15 donors.

In Europe, potency of allergen extracts is expressed in arbitrary manufacturer-specific units relative to a so-called in-house reference preparation (IHRP) (11). While the European Medicines Agency (EMA) accepts these manufacturer-specific units for standardization (12), the US Food and Drug Administration (FDA) does not. To facilitate cross-product comparability, the US requires uniform potency-related labelling (13) for each extract for which the Center for Biologics Evaluation and Research (CBER) maintains and distributes reference extracts and serum pools. Thus, while the European system may lead to standardization of more products, it is not possible to compare extracts between manufacturers. Conversely, while the US system allows for comparison of extracts from different manufacturers, it is slow to add to the list of standardized products.

This is one example of differences between the European Union (EU) and the United States with regard to standardization of allergen products. Obviously, the basic foundation for the regulatory environment is different: the uniform situation in the United States under the auspices of the FDA contrasts with the heterogeneity of the current 27 member states in the EU (9). Although there is a common regulatory framework, profound differences exist in its implementation and application among the EU member states and their national competent authorities (9). It should be highlighted though that harmonization efforts are currently pushed forward (14). Currently the European market can be divided into authorized products provided as ready-to-use finished products, and so called named patient products (NPP), manufactured on the basis of an individual prescription and marketed with authorization (15, 16). In the near future, a third category will enter the EU market in the form of allergen extracts standardized with regard to their major allergen content. By contrast, in the US, the market is generally seperated standardized extracts, with defined potency units, and non-standardized extracts, which which are defined concentration of protein or protein nitrogen units.

Apart from regulatory aspects, also the product types and subsequently the clinical practice differ markedly between the US and the EU. In the United States it is common practice that finished products in the form of native allergen extracts are provided to the physicians, who may dilute or mix them according to their patients’ needs before subcutaneous injection. By contrast, while products may contain mixtures of different allergens, physicians do not mix products. In addition, many allergen extracts for injection are adsorbed to aluminum hydroxide or contain other adjuvants, and/or are chemically modified. Also, sublingual immunotherapy is much more popular in the EU than in the USA.

A uniform approach to allergen standardization leading to improved comparability of products from different manufacturers and products authorized by different regulatory authorities has been a goal for decades. However efforts to reach that goal have been impeded by national differences, including differences in market, product types, clinical practice, product-specific standardization, and also regulation. This review will focus on past, current and future efforts in allergen standardization by highlighting and discussing common approaches and differences between the US and EU countries.



Joint Standardization Efforts

The first official allergen standards in Europe have been prepared in the 1970s in the United Kingdom by the National Institute for Biological Standards and Control (NIBSC) in a newly setup “laboratory for allergens”. They were all designated “non-WHO Reference Material” and cover a large variety of allergen sources, including several mite species (Table 1).


Table 1 | Non-WHO allergen reference materials established by NIBSC in the 1970s.



The respective allergenic materials were either donated to NIBSC from companies (e.g. honey bee venom by Sigma Aldrich) or extracts were prepared directly at NIBSC. The materials have been filtered, filled and freeze-dried. No unitage has been assigned to the materials. They are still available today at NIBSC, though requested at low levels. Unfortunately, some events including inappropriate use of the references in skin prick tests studies lead to the decision of the NIBSC in the 1990s to invest no further laboratory work in allergen references (personal communication).

The first major international effort towards cross-product comparability was a joint activity for establishment of international standards and corresponding methods initiated in 1977 by Alain de Weck. Three years later, this initial group was reorganized, resulting in the formation of the World Health Organization and International Union of Immunological Societies (WHO/IUIS) Allergen Standardization Subcommittee (4). From its foundation until today, the committee members cover all disciplines dealing with allergen standardization: clinicians, scientists, allergen product manufacturers and regulators, from both North America and Europe. The committee’s first major objective was the preparation, characterization and subsequent WHO approval of allergen extract standards. Thanks to exemplary commitment, the group managed to establish eight allergen extract standards within less than a decade (Table 2). In parallel to all WHO biological reference materials, each of the allergen extract standards was arbitrarily assigned 100,000 international units (IU). The extracts were stored at -20°C as freeze-dried powders. Five of these allergen extract standards are still available today at the NIBSC (Potters Bar, UK) and can be purchased for £ 126 per ampoule. All extracts had been extensively studied using a broad spectrum of state-of-the-art immunochemical and physicochemical techniques. Although not all participating laboratories performed all methods, and in spite of the use of different versions of the methods, quite consistent results could be obtained. Regarding single allergen molecules, the possibilities for their quantification were still limited. In most cases only relative concentrations could be reported by assigning a concentration of 100% to one of the candidate extracts. However, this was in line with the zeitgeist of the 1980s, where biological standardization was in the focus. Consequently, the central analytical methods in the project were the radioallergosorbent (RAST) inhibition test, measuring overall IgE binding potency, and the crossed immunoelectrophoresis/crossed radioimmunoelectrophoresis (CIE/CRIE) methods, establishing overall protein composition. With very few exceptions, both assays were performed in each laboratory. This was in line with the proposal on standardization of allergenic extracts of the Committee for Allergen Standardization within the Nordic Association of Allergology, first published in 1982 and subsequently revised in 1989 (33). Moreover, as an approach to in vivo standardization, skin testing was performed with several reference standard candidates, but patient numbers differed greatly between allergens (ranging from 5 to 46) and two different methods were applied: skin prick test according to the Nordic Guidelines (33) and intradermal testing as developed by Turkeltaub, also referred to as the ID50EAL method (15–17). While the Nordic method compares the wheal size with a histamine dose-response curve, the ID50EAL method measures the erythema response to determine the ID50 value (intradermal dilution for 50 mm sum of erythema; for more details see Supplemental Data). Until today, both methods are accepted in the EU to determine biological activity of the IHRP (12), whereas only the ID50EAL method is accepted by the FDA (34).


Table 2 | Allergen extract standards established by the WHO/IUIS Allergen Standardization Committee.



Despite their intensive characterization and the broad spectrum of researchers, regulators and allergen product manufacturers involved, the standard extracts listed in Table 2 never became broadly accepted or used. Several factors contributed to this unfortunate situation. Firstly, many allergen product manufacturers did not accept the importance of standardization and especially the central role of major allergen molecules at the time (4). Admittedly, manufacturers were probably also reluctant to make use of the reference standards as long as this remained non-mandatory. One has to remember that allergen products had only just become part of European pharmaceutical legislation in 1989 and a concurrent regulation imposing the use of the new standards was seen as unfeasible.

Secondly, the FDA did not fully agree with the WHO/IUIS standardization approach at the time, because skin testing was regarded to be the only acceptable basis for standardization. The matter has been a point of discussion in the WHO/IUIS Allergen Standardization Subcommittee for many years after, but there was no turning back. Subsequently standardization efforts in Europe and the USA drifted apart.



Allergen Standardization in the USA


Regulatory Background in the USA

Allergen extracts and other biologics were first regulated by the Hygienic Laboratory of the Public Health and Marine Hospital Service. In 1930, the Hygienic Laboratory was renamed the National Institute (singular) of Health (NIH). The NIH continued to regulate biologics (beginning in 1955, through its Division of Biologics Standards) for over forty years. In 1972, regulatory authority over biologics was transferred to the Bureau of Biologics at the Food and Drug Administration (FDA). In 1982, the FDA merged the Bureau of Biologics and the Bureau of Drugs into a single National Center for Drugs and Biologics; five years later, the entities that regulated drugs and biologics were once again separated, and the Center for Biologics Evaluation and Research (CBER) assumed responsibility for regulation of allergenic extracts (35, 36).

CBER’s authority to regulate allergen extracts is derived from two federal laws, the Food Drug and Cosmetic Act of 1938 and the Public Health Service Act of 1944, as amended. The specific regulations that govern CBER’s regulation of allergens appear in part 680 of Title 21 of the Code of Federal Regulations (21 CFR 680), although other parts of 21 CFR also apply to allergen regulation. Over the past several decades, two features of CBER’s regulatory program have had a significant impact on allergen manufacturers and enhanced the safety of allergen extracts marketed to the American public. The first feature is the enforcement in the 1960’s of current good manufacturing practice (cGMP) standards (21 CFR 210, 211, and 600-680) on the manufacture of allergen products. cGMPs include requirements regarding organization and personnel, buildings and facilities, equipment, control of components and drug product containers and closures, production and process controls, holding and distribution, quality control, laboratory controls and records and reports.

The second feature of significant impact in 21 CFR 680 is allergen standardization.



CBER Reference Materials

As outlined above, the purpose of allergen standardization is to characterize the potency of allergen extracts and minimize the variation between lots of allergen extracts (product-specific standardization), or even among different manufacturers (cross-product comparability). Since the 1980’s, 19 allergen extracts have been standardized (Table 3). While the set of standardized allergens is a small fraction of the total number of allergen extracts sold in the US, it constitutes a substantial fraction of environmental allergens that are used in allergen immunotherapy. The level of quality control for the 19 standardized allergen extracts is the exception rather than the rule. Without in vitro potency tests that correlate with in vivo clinical responses, the consistency of non-standardized extracts cannot be ensured.


Table 3 | Standardized allergen extracts currently licensed in the US.



21 CFR 680.3(e) requires that the potency of each lot of Allergenic Product be determined, and that potency test methods must measure the allergenic activity of the product. This regulation establishes a US standard of potency for each standardized product and mandates that manufacturers must state the potency on the label of each vial. 21 CFR 680.3(e) also specifies that once a potency test exists for a specific allergenic product and CBER has notified manufacturers that the test exists, manufacturers must determine the potency of each lot of the product prior to release. An important distinction between the US and Europe is that rather than the manufacturers, it is the regulatory authority, CBER, who specifies whether potency tests will be done, which test defines potency, and the unitage by which potency is defined. To facilitate compliance with the standardization requirements, CBER maintains a reference reagent program to provide reference reagents to manufacturers for potency testing in which stocks are maintained and reagents are replaced when stocks are depleted. Rather than use CBER’s reference reagents, manufacturers may seek approval to use an alternative test method that provides an equally reliable measure of product potency and meet regulatory requirements. Regardless of the test, however, manufacturers must use the unitage of potency that CBER assigned to the product.



Assigning Potency

The choice of the best potency test depends on the allergen extract to be standardized. While Europeans strive towards using major allergens to define potency (37), CBER assigns one major allergen as the potency unit only to short ragweed pollen and cat hair extracts, and two allergens each to two additional extracts, cat pelt (Fel d 1 and albumin) and Hymenoptera venom (hyaluronidase and phospholipase A2 for Hymenoptera venoms). Although Amb a 1 and Fel d 1 are measured by radial immunodiffusion assay, CBER will replace this method for the enzyme-linked immunosorbent assay (ELISA). Concentrations of hyaluronidase and phospholipase A2 are measured by measuring their enzymatic activity.

When data do not sufficiently support assigning potency to a dominant allergen, as is the case for house dust mite (HDM) and grass pollen extracts, CBER uses a measure of “overall allergenicity.” To assign units of overall allergenicity, CBER developed a method of intradermal testing of highly allergic individuals with serial dilutions of extract that uses the size of erythema in response to intradermal injection. Intradermal injection was chosen over prick/puncture testing to achieve greater dosing accuracy; erythema size was chosen over wheal size to achieve greater accuracy in reaction measurements (38). This method is called “IntraDermal dilution for 50 mm sum of Erythema determines the bioequivalent ALlergy units” (ID50EAL) and can be used to compare the allergenicity of extracts regardless of manufacturer. For grass pollen extracts, the unitage is “bioequivalent allergy unit” (BAU); For HDM, the unitage “allergy unit” (AU) was originally assigned and has been retained. Subsequent comparisons of extracts from the same source material are made by a variant analysis called the parallel line bioassay. ID50EAL and parallel line methods are described in detail in Supplemental Data.

Although skin testing was essential to development of the allergen standardization program, it is not feasible for routine lot testing. For that purpose, surrogate in vitro potency assays that accurately predict the in vivo activity of extracts have been developed (39). For grass pollen and HDM extracts, the surrogate test is competition ELISA that measures inhibition by the newly manufactured test extract to inhibit binding of IgE from pooled allergic sera to a reference allergen (grass pollen, HDM) (40).

As described above, potency units for short ragweed pollen extracts were originally assigned based on their Amb a 1 content as units of Amb a 1 (also called Antigen E), subsequent data indicated that 1 unit of Amb a 1 is equivalent to 1 μg of Amb a 1. While ID50EAL testing showed that 350 Amb a 1 units/mL is equivalent to 100,000 BAU/mL, the original unitage of Amb a 1 units has been retained. Cat extracts, however, were originally standardized based on their Fel d 1 content as AU/mL. Subsequent ID50EAL testing resulted in the assignment of 10,000 BAU/mL unitage to cat extracts, which contained 10-19.9 Fel d 1 U/mL (41). In addition, since 20% of individuals allergic to cat were found to have antibody to non-Fel d 1 proteins (42), showing that the extract contains albumin (Fel d 2) by isoelectric focusing (IEF) was added as a requirement for cat pelt extracts.



Future Activities

Allergen standardization has led to a core group of highly used allergen extracts that are more consistent than their non-standardized predecessors. As we move forward towards standardizing more of the currently licensed non-standardized extracts, it has become apparent that standardizing to an immunodominant allergen is restricted by the limited number of allergen sources for which there is uniform consensus of an immunodominant allergen, and standardizing according to overall potency fails to account for the explosive body of literature in which many allergenic proteins have been defined and categorized.

To overcome these limitations, CBER researchers are developing novel approaches towards determining allergen extract potency with the goal of assessing overall potency of complex allergen mixtures as the integral of multiple discrete allergen assays. A promising novel method is tandem mass spectrometry (MS), which precisely measures quantities of signature peptides for each allergen (43, 44). Such detailed characterization of complex extracts invites the possibility of matching the precise characterization of extract components with the emerging use of component resolved diagnostics to personalize allergen immunotherapy and further enhance its safety and efficacy.




Allergen Standardization in the EU – Activities and Current Status


Regulatory Background in Europe

Prior to 1989, regulation of allergen products in Europe solely depended on the respective national legislation in every member state. Some products for allergen-specific immunotherapy aquired national marketing authorizations (MA) or registration based on the respective national licensing procedures, but the vast majority of products were NPPs (45, 46) Harmonized legisalation with regard to allergen products started in the EU in 1989 based upon Directive 89/342, which extended the scope of Directives 65/65/EEC and 75/319/EEC and thereby demanding registration of allergen products as medicinal products (47, 48). This entails the requirement of compliance with Good Manufacturing Practice (GMP) as well as submission of clinical data to demonstrate safety and efficacy. To help both manufacturers and NCAs in implementing the necessary concepts, the first Note for Guidance on Allergen Products was issued in 1992 by the Committee for Proprietary Medicinal Products (CPMP) and revised in 1996. The resulting document (CPMP/BWP/243/96) was in line with the first Monograph on Allergen Products published in 1997 in the Ph. Eur. In 2001, the Directive 2001/83/EC came into force, representing a key document of European legislation, also in relation to allergen products. It defines them as “any medicinal product which is intended to identify or induce a specific aquired alteration in the immunological response to an allergizing agent” (49). Consequently, allergen products both for therapeutic and diagnostic use require an MA in the EU, as long as the products are industrially prepared or manufacturing involves an industrial process step. However, the implentation of the Directive 2001/83/EC is still heterogeneous among member states to this day and the regulatory environment in the EU is complex, with each member state having its own independent national competent authority. Despite the availability of harmonized European procedures, most allergen products authorized until today have undergone a national MA procedure. For a complete overview on the current regulatory system in the EU, including details on the different types of MA procedures, please see Bonertz et al. (9).

Specific guidance documents for allergen product manufacturers have been laid down in the European Pharmacopoeia in the Monograph on Allergen Products (50) and in the Note for Guidance on Allergen Products (51), which was replaced in 2008 by the Guideline on Allergen Products: Production and Quality Issues (12). Importantly, both the Monograph and the Guideline state that the concentration of relevant individual allergens should be determined, if possible, using certified reference standards or biological reference preparations and assays validated in international standardization programs. However, the way to establish the necessary materials on a European level has been and still is laborious.



Transition From Extracts to Molecules

It was in the 60s of last century that the first major allergens were identified in allergenic pollen extracts, starting with Antigen E (now called Amb a 1) in ragweed (52), shortly followed by Rye I, II and III (now called (Lol p 1, 2 and 3) in ryegrass (53). In the mid-70s, the first major allergens of bee and wasp venom were characterized (54), and in the 80s the two most important house dust mite allergens Der p 1 (55) and Der p 2 (56), and the major allergen from cat (57, 58) were purified and characterized. In 1988, the first two major allergens, Der p 1 from house dust mite (59) and Bet v 1 from birch pollen (60), were cloned. Ever since that time, many hundreds of major and minor allergens from a broad spectrum of allergen sources have been identified, purified, cloned and/or expressed (61, 62). In parallel, specific antibody reagents, both monoclonal and polyclonal, were developed allowing quantification of major allergens by immunoassays such as sandwich ELISAs (63). Towards the turn of the century, for the most important pollen and indoor allergen sources, major allergens had been identified and often multiple specific assays for their quantification were available. The dominant role of major allergens in allergic disease has stressed their importance as active pharmaceutical ingredients of immunotherapy products that need to be present at optimally effective dosages. Slowly, this has moved the field to more and more extend their standardization efforts towards quantification of major allergens, besides overall IgE potency determinations and SDS-PAGE profiles. At the turn of the century, measurement of major allergens in most important allergen sources was within reach. Most allergen manufacturers however used, and until now still use, their own unique in-house units, linked to some form of IgE potency measurement. IgE potency measurements are typically carried out by competitive immunoassays such as ELISA inhibition or ImmunoCAP inhibition. In these assays, serum pools composed of sera from patients allergic to the source are used. Because of their finite nature, composition changes with time, and composition differs between allergen manufacturers. The composition of serum pools will influence the sensitivity by which different major allergens are picked up and consequently determine the overall potency.



The CREATE Project

The realization that sufficient (efficacy) and consistent (safety) presence of major allergens is decisive for the quality of immunotherapy products, stressed the need to allow direct comparison between competitor products with respect to major allergen content (64). In 2001, a consortium of allergen manufacturers, academic research institutes, clinical researchers and regulators joined forces in an EU-funded project, the CREATE project. Tackling the first steps necessary in performing international allergen standardization (Figure 1), the CREATE consortium evaluated recombinant allergens from house dust mites, grass pollen, birch pollen and olive pollen for their appliability to serve as biological standards for major allergen quantification. For each of the eight selected allergens (Der p 1, Der p 2, Der f 1, Der f 2, Phl p 1, Phl p 5, Bet v 1 and Ole e 1), multiple sandwich ELISAs were compared to allow future selection of assays that could potentially serve as reference assays linked to recombinant allergen standards. Clinical centers participating in the consortium collected serum samples from patients with confirmed allergy to the four allergen sources. These serum samples were used to investigate whether the recombinant allergens were immunologically approriate mimics of their natural counterparts. Each of the eight allergen molecules, natural and recombinant, was subjected to a detailed physico-chemical charatcerization protocol, to establish identity, purity, correct folding and aggregation status (65). Some of the recombinant allergens, such as the mite group 1 allergens and the grass pollen group 1 allergen, proved to be poor mimics of their natural counterparts, both physico-chemically and immunologically (37, 66). Sandwich ELISA evaluations revealed that some did not pick up all natural isoforms, and in other cases standard curves did not run parallel to dilution series of allergen extracts. In the end, recombinant allergen standards and some associated ELISAs performed best in case of Bet v 1 and Phl p 5. They were identified as good candidates for further development towards estblishment as official biological standards.




Figure 1 | Steps in the development of allergen standard preparations and methods in the EU.





BSP090

After finalization of the CREATE project in 2005, a follow-up project was initiated. BSP090 was part of the Biological Standardisation Programme of the European Directorate for the Quality of Medicines & Health Care (EDQM). It focused on two major allergens, namely Bet v 1 from birch pollen and Phl p 5 from timothy grass pollen, which had been identified in CREATE as most promising candidates. The decision to limit the project to only two allergens turned out to be correct as the goal of establishing two Ph. Eur. chemical reference substances (CRS) in conjunction with two Ph. Eur. standard methods for quantification has still not been fully reached (Figure 2). The two recombinant proteins rBet v 1.0101 and rPhl p 5.0101 were produced under GMP conditions and intensively analyzed using an array of physicochemical and immunological methods to obtain information on identity, quantity, homogeneity, fold stability in solution, and biological activity. In addition, formulated versions of the allergens for long-term storage were assessed for thermal denaturation, aggregation state, and biological activity (67, 68). In 2012 these two CRS preparations became adopted by the Ph. Eur. Commission and available at the EDQM for purchase (EDQM catalogue numbers Y0001565 and Y0001566). However, their use has been so far rather limited as it has not become mandatory yet. Until now, the Monograph on Allergen Products only states that allergen-specific reference standards may be used, when available (50). This will change upon adoption of the corresponding standard methods, but the way to this goal proved unexpectedly time-consuming. After successful completion of two feasibility study phases, two Bet v 1-specific and one Phl p 5-specific ELISA system were included in an international ring trial in 2010 (69, 70). Model samples containing the respective allergen extract spiked with recombinant protein, were assayed in 13 laboratories in the USA and Europe. Results for both Bet v 1-specific ELISAs were promising. Based on these findings and a post-study testing with a large set of birch pollen allergen products, one of the ELISAs was selected to become standard method. Unfortunately, the results for the Phl p 5-specific ELISA were not satisfactory and it was not until 2018 that a second international ring trial could be initiated with an updated version of the ELISA. The data collected in 13 participating laboratories was considered appropriate to recommend the ELISA as second standard method (71). Implementation of the Bet v 1 and Phl p 5 ELISA protocols as general chapters in the Ph. Eur. is currently in progress.




Figure 2 | Overview of the BSP090 project.





Current and Future Activities

Once the two standard methods have been implemented in the Ph. Eur. and the Monograph on Allergen Products has been revised, the use of both CRS and standard method will become mandatory for allergen product manufacturers in the EU. This will, for the first time, enable cross-product comparability of birch pollen and timothy grass pollen allergen products based on major allergen content. As it can thus be expected that the demand for the two allergen CRS will increase in the years to come, a new project has been initiated as part of the Biological Standardisation Programme of the EDQM called BSP163. In the course of this project, new batches of rBet v 1 and rPhl p 5a will be analysed at the EDQM, the University of Salzburg and the Paul-Ehrlich-Institut to prepare and qualify second CRS batches for both allergens.

Furthermore, after completing BSP090, the allergen standardization sub-committee has decided to initiate a new project to proceed in establishing further allergen standards and corresponding quantification methods. The first phase of the project will be a public call for both commercial and non-commercial allergen specific ELISA methods available as well as candidate allergen standards, focussing on several potential candidate allergens including group 1 and group 2 allergens from HDM, Ole e 1 from olive pollen and Ara h 1/Ara h 2 from peanut. The latter will to our knowledge represent the first attempt of international standardization of a food allergen. The starting situation is basically promising: Food allergy is generally of great and constantly increasing importance (72, 73) and a large number of relevant food allergens are known for many food sources, as detailed in the database of the WHO/IUIS Allergen Nomenclature Subcommittee (allergen.org). In addition, the first immunotherapy product for treatment of peanut allergy has gained marketing approval in the USA and EU, and further products are under review and in development. Also, the respective pharmaceutical companies have established methods for quantification of single relevant allergens. Although standardization relating to batch-to-batch consistency is thus ensured for these products upon marketing authorization approval (74), establishment of international standards and standard methods aiming at comparability between different products is an important goal.




Potential of Alternative Methods in Allergen Product Standardization


Mass Spectrometry for Analysis of Allergen Preparations

As described above, the high heterogeneity in protein and allergen content of diverse allergen products is abundantly documented in the literature posing a challenge for the standardization of such products and their clinical use. Major problems are caused by insufficient amounts or absence of allergens, but may also be caused by unusually high amounts of certain allergens as demonstrated for LTPs in olive pollen AIT products (75). As outlined, traditionally, quantitative in vivo assays (e.g. intradermal skin testing) (38) or in vitro immunoassays (e.g. ELISA) using monoclonal, or polyclonal antibodies, or patients’ IgE have been used for detection and quantification of allergens. However, using patient IgE-based potency assays only provide a measure of overall potency, without information on single allergenic components. In contrast, allergen-specific immunoassays are ususally limited to one allergen at a time and thus allergen sources with several major allergens are difficult to standardize. Although allergen-specific multiplex ELISAs as e.g. available for indoor allergen quantification (76) might circumvent this limitation for the user, standardization of multiplex ELISAs is challenging. Thus, alternative analytical tools providing accurate, sensitive, and fast analyses are increasingly demanded for standardization and regulation of commercial allergen products.

Several physicochemical methods like fluorescence spectroscopy, far-UV circular dichroism, Fourier-transform infrared spectroscopy (FTIR) and online-high performance size exclusion chromatography (HPSEC) light scattering have been shown to provide insight into questions not addressed by immunoassays, like information on protein structures or molecular weight distributions in allergen extracts (77–79). In comparison, mass spectrometry (MS) has the potential to replace standard immunoassays due to its high accuracy not only for detection but also for quantification of allergenic proteins in complex samples (80, 81). MS systems are normally defined according to the different types of their three basic components, i.e. ion source, mass analyzer, and detector. The most frequently used types of ion source are matrix-assisted laser desorption/ionization (MALDI) and electrospray ionization (ESI), whereas time-of-flight (TOF), quadrupole (q), ion trap (IT), and Orbitrap are commonly used as mass analyzers in proteomics. The combination of different ion sources and mass analyzers gives rise to hybrid MS devices, such as ESI-qTOF, ESI-IT, MALDI-TOF, or ESI-qOrbritrap. In addition, MS devices can be combined with high performance liquid chromatography (LC-MS), which improves resolution and facilitates identification and quantification of peptides. Initially, MS techniques providing highly accurate mass determinations (e.g. MALDI, qTOF, qIT) have been used to study the isoform composition of major allergens in natural sources (82–84), to identify novel allergens (85–87), or to assess structural integrity of recombinant allergen preparations such as Bet v 1 (68) and Phl p 5 (67). A more recent MS approach for clinical applications and allergen analysis is based on the use multiple reaction monitoring (MRM) systems. In this respect, MRM–based targeted proteomics using internal standards seem to be a particularly suitable option for allergen standardization due to its wide linear dynamic range, high intra- and inter-assay precision, and broad potential of multiplexed analysis (88). In fact, a comparative analysis between several commercially available ELISA tests and the MRM-based assay showed that ELISA kits underperformed in the quantification of multiple allergens in processed bakery products (89). Depending on the respective system, major limitations of non-MS-based methods can be cross-reactivity, narrow quantification range and/or poor reproducibility. Thus, MS-based MRM has emerged as a powerful approach for the rapid establishment of quantitative assays with high specificity, precision, and reproducibility (90, 91). One disadvantage of MRM is the lower accuracy of mass determination when compared with other MS systems (80). However, the great advantage is the precise quantification of target proteins with highly variable concentrations, such as those of allergenic proteins in commercial products. MRM analyses are mainly performed on instruments combining high performance liquid chromatography (e.g. nano-LC, HPLC, UUPLC) with triple quadrupole MS instruments. Four major steps are carried out during MRM experiments: (i) precursor mass selection at the first quadrupole analyser, (ii) fragmentation of selected precursor mass, (iii) scanning of fragment ions of interest, and (iv) quantification of fragment ion. For reproducible and accurate quantification of allergens by MRM MS, the signal intensities from the precursor ion of the endogenous peptide are compared to the precursor ion of the synthetic stable-isotope (13C or 15N)-labeled peptide standard of known abundance (reviewed in (88, 92). For the selection of peptide standards, untargeted analysis with high-resolution MS instruments is carried out to identify peptides fulfilling a number a criteria, including sequence-based features (e.g. not prone to missed proteolytic cleavages and modifications; precursor ion’s charge, preferably doubly charged), and specificity, including the issue of multiple protein isoforms (93).

The MRM approach has been successfully used for identification and quantification several allergens in extracts prepared from timothy grass pollen (94), cockroach (43, 93), house dust mites (44), mouse urine (95), and to quantify milk, soy, peanut, fish, and egg allergens in several food products (96–101) reviewed in (91, 92). The broad applicability of MS-based MRM was further demonstrated by Mindaye et al. in proof-of-concept studies (43, 93), demonstrating the accurate quantification of German cockroach allergens in complex extracts. As a first step, the authors used an in silico prediction together with high-resolution MS for peptide mapping and for the selection of the best representative peptides to serve as standards in the quantification analysis. In total, 26 peptides covering all recognized (n=11) German cockroach allergens/isoallergens were identified and heavy-isotope labeled analogous synthesized for the MRM method development and optimization.

Despite these encouraging findings, very limited information exists for systematic allergen profiling (e.g. biological and clinical relevance of allergens in various sources) and panels of signature peptides are still lacking for absolute quantification of allergens in complex preparations. Thus, for the full implementation of targeted proteomics approaches in allergen standardization further research is needed to establish databases of defined signature peptides of different allergens and allergen sources. Even more research and dedication will be necessary to enable cross-product comparability based on MS in native extracts. Although the Ph. Eur. contains a general instruction on MS (102), no European standard methods have so far been based on MS. The corresponding challenges in relation to allergen product standardization are various. First of all, the establishment of an international standard method will be challenging due to the many different types of MS technologies available, in combination with several different brands per type. In addition, it is likely that different product matrices, polymerization agents and different product processing steps will present a problem in validation of a future MS standard method. Furthermore, it will be necessary to establish allergen-specific reference peptides in combination with a common database to enable comparable results. Moreover, differences between commercial software for MS data analysis may further impact results of database searches. Last but not least, compared to immunoassays, MS provides extensive in-depth information on allergen extracts, e.g. in relation to different allergen isoforms. While a standard method based on an immunoassay provides only one result, e.g. on Bet v 1 content in a birch pollen extract, depending on the isoform-specificity of the respective antibodies, MS technologies are able to detect numerous Bet v 1 isoforms in the same extract sample (103). Thus, data collection and interpretation guidelines will be needed to allow cross-product comparability of allergen products based on MS.



Methods for Analysis of Modified Allergen Preparations

Another issue in allergen product standardization is that in chemically modified and/or adsorbed allergen extracts epitopes may not be readily available for antibody binding causing a decrease in sensitivity of immunoassays, if these have not been specifically tailored to the respective modified allergen. Consequently, most analyitcal methods described so far in this review in allergen product standardization are limited to the analysis of native allergen extracts. At least for the European market this commonly prevents the analysis of the finished product. However, the Guideline on Allergen Products requests the control of consistent quality also after modification, including the demonstration of potency and presence of relevant allergens (12). Both research groups as well as allergen product manufacturers have developed a number of such methods (6). Notably, these methods are so far either used in a scientific context or for in-depth analysis of commercial products by allergen product manufacturers, e.g. to control batch-to-batch consistency. Their potential suitability for future cross-product comparability has hardly been considered. Table 4 provides an overview of methods for standardization of chemically modified and/or absorbed allergen products, including examples of their use as well as an assessment of their potential suitability for cross-product comparability. As becomes apparent from Table 4, there are currently no examples of absolute quantification of single allergens in allergoids. Published examples of product-specific standardization in allergoids are either based on IgGs raised against an allergoid in animal models determining overall IgG potency or on MS for confirmation of presence of singe relevant allergens. Given the challenges encountered for native allergen extracts, the goal of cross-product comparability in allergoids is currently out of reach.


Table 4 | Analytical methods for standardization of chemically modified and/or absorbed allergen products.






Discussion/Conclusion

Although the joint standardization efforts in the early 1980s had the goal and potential to build a common basis for allergen standardization in the US and Europe, this has unfortunately not been achieved. Instead, the ways towards cross-product comparability have been drifting apart for decades, though with differing success (Table 5).


Table 5 | Comparison of reference standards and methods in the United States and Europe.



Based on a great effort undertaken in the 1980s and 1990s, a panel of 19 standardized allergen extracts has been available in the US for more than 25 years. Although these do not cover all allergen sources relevant for the US population, the reference materials have clearly helped to increase consistency of allergen extracts on the US market (110). In contrast, allergen standardization took a while to get back to its feet in Europe after it became clear that the effort of establishing eight standard extracts had been more or less in vain. In addition, the re-start of activities, firstly in CREATE and subsequently in the project BSP090, proved to be unexpectedly challenging. After 20 years, only two recombinant major allergens and the corresponding reference ELISA methods have been validated and are on their way to be included in the Ph. Eur. This will for the first time allow for a direct comparison of birch pollen and Timothy grass pollen allergen products with regard to their major allergen content in the EU. Although many lessons have been learned on the way, the establishment and validation of ELISAs for selected major allergens is laborious. While in the 1980s there was a great willingness to support projects aiming at cross-product comparability, the necessary resources are far more difficult to aquire nowadays. Nevertheless a new project will soon be initiated to identify suitable candidate references and candidate assays for further important allergens.

In view of the different paths taken by the US and Europe, it seems rather unlikely that using current technology, there will be a harmonized approach for allergen standardization. However, ongoing active research at CBER and at the Paul-Ehrlich-Institut aimed towards using MS to standardize allergen extracts offers hope towards harmonization between the US and Europe (44), although a number of questions must be addressed before allergen product standardization via MS can be implemented.
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Antiphospholipid antibodies (aPL) are mandatory for the diagnosis but are also a risk factor for the antiphospholipid syndrome (APS) clinical manifestations. Lupus anticoagulant (LA), anticardiolipin (aCL), and anti-beta2 glycoprotein I (β2GPI) assays are the formal laboratory classification/diagnostic criteria. Additional nonclassification assays have been suggested; among them, antiphosphatidylserine-prothrombin (aPS/PT) and antidomain 1 β2GPI antibodies are the most promising ones although not yet formally accepted. aPL represent the example of a laboratory test that moved from dichotomous to quantitative results consistent with the idea that reporting quantitative data offers more diagnostic/prognostic information for both vascular and obstetric manifestations. Although the general rule is that the higher the aPL titer, the higher the test likelihood ratio, there is growing evidence that this is not the case for persistent low titers and obstetric events. LA displays the highest diagnostic/prognostic power, although some isolated LAs are apparently not associated with APS manifestations. Moreover, isotype characterization is also critical since IgG aPL are more diagnostic/prognostic than IgA or IgM. aPL are directed against two main autoantigens: β2GPI and PT. However, anti-β2GPI antibodies are more associated with the APS clinical spectrum. In addition, there is evidence that anti-β2GPI domain 1 antibodies display a stronger diagnostic/prognostic value. This finding supports the view that antigen and even epitope characterization represents a further step for improving the assay value. The strategy to improve aPL laboratory characterization is a lesson that can be translated to other autoantibody assays in order to improve our diagnostic and prognostic power.
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Introduction

The antiphospholipid syndrome (APS) is formally defined as the association of arterial/venous thrombosis and/or recurrent miscarriages in the absence of any other known cause and the persistent presence of antiphospholipid antibodies (aPL) detectable by solid-phase (beta2 glycoprotein I [β2GPI]-dependent anticardiolipin [CL] and anti-β2GPI) or functional coagulation assays (lupus anticoagulant—LA) (Table 1) (1). Additional laboratory diagnostic tests have been suggested, but their formal inclusion in the classification tools is still a matter of debate (Table 1) (1, 2). The detection of aPL represents a milestone in the diagnosis of APS despite the still debated description of rare seronegative APS in which the clinical manifestations are resembling the full-blown syndrome, but the serological assays are negative (3).


Table 1 | Classification and nonclassification laboratory aPL assays.



There is strong evidence that aPL, rather than being a mere diagnostic tool, display a direct pathogenic role through complement-fixing antibodies in animal models (4). Medium/high titers of aPL detectable by solid-phase assays (i.e., aCL and anti-β2GPI) or the positivity for two or three laboratory assays confer a higher risk for both vascular and obstetric events than low titer aPL or positivity in a single test only (5, 6). Preliminary studies raised the issue of whether abnormalities in serum complement levels can be predictive for a poor pregnancy outcome, but confirmatory studies are still needed and to be extended to vascular APS (7, 8). So, aPL are emerging as a risk factor, and their high likelihood ratio/predictive value is becoming more and more important. This is actually in line with the similar need reported for other autoantibodies in systemic autoimmune rheumatic diseases (SARD) (9, 10).

How to interpret the aPL assays correctly and which assays should be requested for the best diagnostic/prognostic strategy are the main questions that will be addressed in the present mini-review to offer a state-of-the-art of aPL testing in 2021.



Laboratory Perspectives


Autoantibodies in Diagnostic and Classification Criteria for APS

The three aPL assays (i.e., β2GPI-dependent aCL, anti-β2GPI, and LA) are the formal classification laboratory tests that are also commonly used for diagnostic purposes (1).

In 1990, three different groups reported that aPL do not recognize anionic PL alone but bound to a PL-binding glycoprotein, later identified as β2GPI (11–13). The anti-β2GPI antibodies bind their antigen either when complexed with CL in the presence of a source of β2GPI in CL-coated plates or directly in β2GPI-coated plates. It has been suggested that once bound to CL, β2GPI displays conformational changes and/or increases its antigenic density so favoring antibody binding (5, 14). On the other hand, β2GPI coating to γ-irradiated polystyrene plates is thought to reproduce similar molecule presentation ultimately offering the right antigen structure to the antibodies (5, 14). In other words, β2GPI-dependent antibodies are responsible for positive results in the two solid-phase assays that are the formal laboratory classification criteria for APS, namely aCL and anti-β2GPI antibody tests.

The term “lupus anticoagulant” (LA) refers to a panel of different functional assays detecting a heterogeneous group of immunoglobulins behaving as acquired in vitro inhibitors of the coagulation. LA detection is based on PL-dependent coagulation tests requiring complex methods. The interpretation of the results is difficult owing to interfering factors, such as anticoagulant drugs and acute phase proteins leading to false-positive results (15–17). The International Society of Thrombosis and Haemostasis has recently provided the updated guidelines for LA detection/interpretation (18). Anti-β2GPI antibodies have been shown to prolong the PL-dependent coagulation tests and were thought to be responsible in part for the so-called LA phenomenon (19–21). This finding supports the idea that β2GPI-dependent aPL can be responsible for the positivities in all the three formal laboratory classification (and diagnostic) tests for APS. On the other hand, antibodies against prothrombin (aPT) and in particular those reacting with the phosphatidylserine (PS)-PT complex (aPS/PT) have been also shown to mediate the LA phenomenon (22–24). Finally, “isolated” LA without any anti-β2GPI or aPS/PT antibodies has been described. In these samples, the coagulation inhibitors (antibodies)? are still a matter of research (25, 26).



Nonclassification Laboratory Criteria

Although both IgG and IgM aPL have been included in the laboratory classification criteria (1), the IgG isotype has displayed a higher diagnostic and prognostic value than the IgM one for both the vascular and the obstetric manifestations of the syndrome since the beginning of the APS story (27, 28). More recently, several groups suggested that IgA aPL may offer a good diagnostic/prognostic profile as well. This was the case in patients with clinical manifestations suggestive for APS but negative for aCL/anti-β2GPI IgG or IgM or LA (29–33). In particular, IgA aCL/anti-β2GPI positivities were reported in systemic lupus erythematosus (SLE) patients with associated APS (29–32). Therefore, the detection of IgA aPL is becoming more and more popular in the diagnostic algorithm for APS. However, IgA aPL are not formally included in the laboratory classification criteria yet (32).

The conformational modifications of the β2GPI are in line with the theory that most of the β2GPI-dependent aPL recognize an immunodominant epitope located in the domain (D)1 of the molecule. It has been suggested that β2GPI, once bound to anionic surfaces, undergoes structural changes making the D1 more available for the antibodies (14, 34). There is sound evidence that anti-D1 antibodies mediate pathogenic mechanisms in experimental models and support clotting and fetal loss in animal models (35–37). Moreover, clinical studies clearly showed that the presence of anti-D1 β2GPI IgG displays a higher specificity and predictive value than IgG against the whole molecule (38–41). Accordingly, anti-D1 detection has been suggested as a new laboratory criterion for APS (32, 42). However, up to 20% of the patients positive for antibodies against the whole β2GPI molecule can test negative for specific anti-D1 assays (32). As a consequence, the idea to replace the whole molecule solid-phase assay with the test for anti-D1 has not been accepted yet. However, the presence of antibodies against D1 has been suggested to be a sort of a confirmatory test for aPL specifically associated with APS. For example, anti-D1 antibodies are not usually detected in aPL present during infectious diseases (43, 44) or in other conditions unrelated to APS, such as in children with atopic dermatitis or babies born from mothers with non-APS autoimmune disorders (38).

Antibodies against linear epitopes of other β2GPI domains have been reported, but clear associations with specific clinical manifestations of the syndrome were not found (45). However, antibodies against a D4-5 conformational complex have been recently investigated in a deeper manner. These antibodies have been mostly detected in non-APS patients such as patients with aPL and concomitant infectious disease or in children suffering from atopic dermatitis or in babies born from mothers with SARD (38, 40, 41, 43, 44). Polyclonal IgG from subjects/patients positive for isolated anti-β2GPI D4,5 antibodies were not able to trigger thrombosis in naiїve rats at variance with anti-D1 polyclonal IgG that were thrombogenic in the same model (35).

Moreover, higher titers and prevalence of anti-D4,5 IgG were found in asymptomatic aPL-positive carriers (40, 41). Altogether these data strongly support the idea that anti-D4,5 antibodies are not pathogenic and not diagnostic for APS (46). Interestingly, anti-D4,5 antibodies mainly recognize D5 and react with β2GPI free in solution or with the molecule bound to γ-irradiated polystyrene plates but not with β2GPI bound to CL. Since D5 is located in the PL-binding site of β2GPI, it has been suggested that D5 is available when the molecule is free in solution or when the coating to the plates does not involve the PL-binding site. The engagement of D5 in the PL-binding site (e.g., through CL) would be responsible for a steric hindrance and ultimately for the lack of reactivity of the anti-D5 antibodies (35).

As stated before, the LA phenomenon can be also mediated by aPT antibodies. Solid- phase assays with a matrix coated with PT were set up and aPT antibodies were detected. However, these antibodies did not display a good diagnostic or predictive value for the APS clinical manifestations (47, 48). On the other hand, when PT binds to PS-coated plates in the presence of Ca ions, it displays a right conformational change and can be recognized by aPS/PT antibodies. These antibodies have been found associated with APS, and their presence may increase the diagnostic/prognostic value of the other antibodies (e.g., aCL/anti-β2GPI and LA) (48). This is the case of the so-called tetrapositive patients (49). While aPS/PT have been reported in vascular APS, their association with the obstetric manifestations is still a matter of research (50–52). So, the inclusion of aPS/PT antibodies into the formal laboratory classification criteria has not been formally accepted up to now (32). Since aPS/PT antibodies were found to be associated with LA, some authors suggested their use as a surrogate test for LA when the interference of the concomitant anticoagulant therapy cannot allow performing the functional assays in a reliable manner (53). While the debate to include aPS/PT antibodies into the laboratory classification criteria is open, the experimental evidence for a direct pathogenic role for aPS/PT is not as sound as that reported for the anti-β2GPI antibodies (2, 5).

Other anionic PL, such as PS or phosphatidic acid (PA) or phosphatidylinositol (PI), have been used to coat the matrix in order to substitute CL in alternative solid-phase assays. Once again, β2GPI, as a cationic molecule, forms a complex with the anionic PL and eventually offers similar antigenic targets for the antibodies. Accordingly, even PS- or PI- or PA-coated plates are actually detecting β2GPI-dependent antibodies, and there is no sound evidence that they offer further diagnostic information (5, 54).

Additional tests have been reported in the literature to detect antibodies directed against serum proteins that bind to anionic surfaces, such as Annexin V, Protein C (activated Protein C), and Protein S. All these tests are actually detecting antibodies against β2GPI, so it is not clear whether or not they are offering more diagnostic/prognostic information in comparison with the β2GPI assay itself (5, 55–58). Antibodies directed against high molecular weight kininogen bound to neutral PL such as phosphatidylethanolamine (PE) have been reported, but their usefulness is limited to a handful of cases with clinical manifestations similar to those present in APS (59).



Standardization of aPL Assays

The comparability in performing and the uniformity in interpreting test results in the diagnostic algorithms for autoimmune diseases are hot issues because of the lack of harmonization despite their increasing use and the development of new techniques (9, 60). The same problem has been raised in APS given the huge variability of aPL results reported at the beginning of the APS story. The switch from enzymatic or fluorimetric solid-phase assays to chemiluminescent techniques improved the sensitivity without affecting the specificity and at the same time offering more reproducibility. Ultimately, the aPL detection methods available nowadays offer more reproducible results and allow harmonization as recently shown in a large multicenter study (61). Still, we have some unmet needs in the field of aPL testing. For example, the high sensitivity of the new assays raised the issue of a wide range of borderline results formally higher than the cutoff of healthy subjects but with doubtful clinical significance. A critical interpretation of the real diagnostic/prognostic value of borderline results is strongly recommended in the clinical setting, and operators are invited to perform their own cutoff values. While there is a general agreement that only medium/high aPL titers in the solid-phase assays should be taken into account to support the diagnosis of vascular APS, recent evidence is supporting the usefulness of low titer aPL in the obstetric variant (62).

As in the case of many other laboratory diagnostic tests for autoimmune diseases, we do not have international standards to express the test results in international units. However, the Committee on Harmonization of Autoimmune Testing of the International Federation of Clinical Chemistry and Laboratory Medicine in collaboration with the Joint Research Institute of the European Commission has studied the possibility of developing a certified reference material (CRM) with an assigned property value (anti-β2GPI IgG antibodies concentration in a matrix material). The availability of such CRM should offer the possibility to express the results in absolute values further improving the harmonization of aPL testing (63).




Clinical Perspectives


Clinical Significance for Vascular APS

As stated before, aPL are now generally accepted as a risk factor for the clinical manifestations of the syndrome. In particular, the probability of thrombotic recurrences in the vascular APS is correlated with the aPL titer, being medium/high antibody levels associated with arterial/venous events much more than low titers. Moreover, the simultaneous positivity for two or three classification laboratory tests is an additional risk factor for recurrences. More recently, it has been suggested that the presence of aPS/PT antibodies in addition to the three laboratory classification criteria (i.e., LA, aCL, anti-β2GPI) represents a further risk factor in the so-called tetrapositive patients (6, 49).

Antiphospholipid antibodies of the IgG Isotype display a more predictive value for the vascular manifestations in comparison with IgM. There is growing evidence that IgA aPL can be more predictive for vascular events than IgM as well; however, more data should support this statement (30, 31, 64).

Among the three formal classification laboratory assays, LA is widely considered the most predictive one, even if isolated LA positive cases can be found not associated with any vascular events (26, 49, 65, 66). The high predictive value of LA was related to the presence of both anti-β2GPI and aPS/PT antibodies in most of the LA positive samples (24, 67–69). Moreover, as a functional coagulation assay, LA displays a lower sensitivity compared with the solid-phase assays in detecting the same amount of autoantibodies. So, the higher aPL titers needed for altering the coagulation assay could justify the stronger predictive power for the clinical manifestations in both the full-blown APS and in the aPL-positive asymptomatic carriers.

Isolated aCL positive results, in particular at medium/low titer, are more frequently reported than isolated anti-β2GPI in non-APS conditions such as during concomitant infectious diseases. Their clinical significance is doubtful and should be evaluated in a specific clinical setting.

As shown in Figure 1A, the whole risk profile for the vascular APS is supported not only by the aPL profile (e.g., titer, isotype, type of the detection assay) but also by aPL-unrelated variables such as traditional cardiovascular risk factors and the presence of an associated underlying SARD. In particular, the association with a systemic inflammatory disease may offer a significant trigger according to the two-hit hypothesis for APS (5).




Figure 1 | Antiphospholipid antibodies as a risk factor. aPL profile, isotype, titer, and aPL-unrelated factors defining higher risk for (A) vascular APS and (B) obstetric APS.





Clinical Significance for Obstetric APS

Medium/high aPL titers and double or triple positivity for the classification laboratory criteria do represent the major risk factor for the obstetric manifestations of APS as for the vascular ones. However, it has been suggested that even low aPL titers can display a prognostic value for recurrent miscarriages (62, 70, 71). This issue has been addressed recently by a large monocentric study that showed how the positivity for aCL and anti-β2GPI, if persistent over time and associated, may be predictive for miscarriages. The finding is also important from a clinical point of view since all the low titer pregnant women were responsive to the standard therapy with the combination of LDASA and LMWH at variance with patients with medium/high aPL titers who display recurrences in up to 20% of the cases (62). The demonstration of the huge presence of β2GPI in the placenta, even in physiological conditions, could explain why low aPL titers may be enough for displaying their pathogenic effect. This is not the case for β2GPI on the vessel walls in resting conditions where the aPL target antigen cannot be found unless an endothelial perturbation is taking place. The lower presence of β2GPI on the vessels could explain, on the other hand, why much higher amounts of aPL are needed for triggering the clot (71, 72).

A similar higher risk profile of the IgG than IgM isotype for aCL and anti-β2GPI assays and the more predictive value of isolated LA in comparison with isolated aCL or anti-β2GPI test have been reported for the recurrent miscarriages as well (41, 70).

As for vascular APS, the whole risk profile for obstetric variant should take into consideration additional aPL-unrelated risk factors such as the previous obstetric history and/or the presence of an underlying systemic autoimmune inflammatory disorder (Figure 1B) (71).



Asymptomatic aPL-Positive Carriers

As discussed before for patients with both the full-blown vascular and obstetric syndrome, the aPL profile is crucial to characterize the risk for APS manifestations even in subjects with positive aPL but without any previous thrombotic event or miscarriage: the so-called asymptomatic aPL-positive carriers. The risk of these subjects for developing clinical events is likely similar to that in APS patients, but there are a few ad hoc prospective studies to support it in a formal way (26, 73). In summary, the presence of a double or triple positivity for the classification laboratory criteria, the medium/high aPL titer in the solid-phase assays, the positivity for IgG/IgA versus IgM antibodies, and the epitope specificity for D1 of anti-β2GPI are the parameters useful for risk stratification.

The presence of aPL-unrelated traditional cardiovascular or obstetric risk factors can play an additional role in the risk profile as also previously discussed for APS patients (Figure 1). Unfortunately, we still do not have sound information on which type of therapeutic intervention is the best to prevent clinical manifestations. Ad hoc clinical trials should be carried out.



Is There a Value of Repeated Autoantibody Testing in Symptomatic At-Risk Patients?

Antiphospholipid antibodies are persistent over time according to the classification criteria of the syndrome (1). There is no sound evidence that they can fluctuate for example during an acute thrombotic event or during pregnancy. In this regard, aPL are quite similar to other autoantibodies detectable in SARD, such as rheumatoid factor, anticitrullinate peptide antibodies, or antibodies against extractable nuclear antigens. Nevertheless, a decrease in the aPL titer has been reported in some cases during a long follow-up, especially in patients receiving treatment with antimalarials (hydroxychloroquine) and/or anti-B cell therapy (anti-Blys monoclonal antibody) (74–76). On the other hand, transient positivities are usually described for aPL detectable in non-APS conditions, in particular during infectious diseases (77). As a consequence, repeated aPL testing is suggested for confirming the positivity and to support the suspect that the antibodies are related to a concomitant infectious disease but not for monitoring the classical APS.




Discussion

The right choice and interpretation of the diagnostic aPL assays are pivotal to avoid the risk of an overdiagnosis, having in mind that both thrombosis and miscarriages are relatively frequent and due to several causes unrelated to aPL. For example, low aPL titers, isolated positivities in one single laboratory test, as well as transient positivities should be critically evaluated. Anti-β2GPI antibodies with D4,5 specificity are positive in the anti-β2GPI but negative in the aCL assay as reported previously. These antibodies are not associated with APS manifestations and are not pathogenic in animal models; altogether this finding supports that they are not diagnostic aPL (35). Another example is represented by isolated LA positivities in patients under heparin or oral anticoagulation that can affect the reproducibility of the test. High levels of C reactive protein have been also associated with false LA results, especially in patients during acute illness (15–17). So, positive LA tests in these conditions should be critically evaluated before making a final diagnosis. The use of solid-phase assays for antibodies potentially responsible for LA, such as β2GPI and aPS/PT, could help since the solid-phase assays are not affected by the variables responsible for false-positive functional tests (61).

Nonclassification laboratory tests such as antidomain assays or the test for aPS/PT could help in ruling out or in supporting the diagnosis of APS. For example, the lack of reactivity against D1 in a single positive anti-β2GPI patient or the negativity for aPS/PT in an isolated LA during anticoagulation cast doubts on the real presence of an APS. The strategy of using a panel of biomarkers (e.g., different autoantibodies) is becoming more and more popular in APS as well as in other autoimmune diseases and meets the need of precision medicine in this setting.
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Objective

The concentrations of complement proteins (adipsin, C3a, and C5a) and soluble endoglin (sENG) in the plasma were measured in this study, and their value as early-pregnancy predictors and potential diagnostic marker of preeclampsia was assessed, respectively.



Experimental Design

Plasma samples were obtained from healthy and preeclampsia pregnant women before delivery for a cross-sectional study. Plasma samples were collected from healthy and preeclampsia pregnant women throughout pregnancy and postpartum for a follow-up study. Enzyme-linked immunosorbent assays were used to detect plasma levels of several complement proteins (adipsin, C3a, and C5a) and sENG.



Results

The plasma levels of adipsin, C5a, and sENG were significantly increased before delivery in pregnant women with preeclampsia. During pregnancy, the plasma adipsin, C5a, and sENG levels were increased from the third trimester in healthy pregnant women; plasma adipsin levels remained stable after delivery, while C3a levels increased in the second trimester and remained stable afterward. Furthermore, levels of adipsin, C5a, and sENG were higher in preeclampsia patients at different stages of pregnancy; the C3a level presents a similar change and no difference was found in the third trimester. In the first trimester, receiver-operating curve (ROC) curve analysis showed that adipsin (AUC, 0.83 ± 0.06, P=0.001) and sENG (AUC, 0.74 ± 0.09, P=0.021) presented high value as predictors of early pregnancy.



Conclusions

Adipsin is likely a novel plasma biomarker to monitor the increased risk of preeclampsia in early pregnancy. Moreover, the increased plasma levels of adipsin, C5a, and sENG before delivery may be associated with preeclampsia.





Keywords: preeclampsia, complement system, biomarker, adipsin, sENG



Introduction

Preeclampsia is a pregnancy complication mainly characterized by gestational hypertension, proteinuria, systemic endothelial cell activation, and inflammatory overreaction (1). Preeclampsia affects 3–5% of pregnancies, is higher in low-resource settings (2), and contributes significantly to maternal and neonatal mortality and morbidity (3). Although the etiology of preeclampsia remains poorly understood, it is believed that the immune system is involved in its pathogenesis, which needs further clarification (4).

Recent studies have found that dysregulation of the complement system contributed to the pathogenesis of preeclampsia (reviewed in (5)). The complement system has functions critical to the innate immune response which is activated when the embryo attaches in utero because of the heterogenicity of an embryo relative to its mother (6). The complement cascade has three initiating mechanisms, including the classical, lectin, and alternative pathways (7). Adipsin, also known as complement Factor D, is expressed and secreted at high levels by adipose tissue and is a key molecule in the alternative pathway (8). Natalia et al. reported that levels of adipsin were significantly elevated in pregnant women with preeclampsia in the last trimester (9). Our previous study also found that the adipsin levels were significantly elevated in the plasma of patients with preeclampsia, and the urinary adipsin concentration appeared to be a good biomarker for the diagnosis of preeclampsia (10). We hypothesized that changes in plasma adipsin levels might be valuable for prediction or diagnosis.

The main function of adipsin is to catalyse the breakdown of complement factor C3 (11). These suggest that adipsin may affect the downstream molecules such as C3a and C5a by participating in alternative pathway activation. In alternative pathways, free C3a and C5a are formed from the C3 and C5 complements and released into the circulation, companying with complement activation (12). Richani et al. showed that the concentrations of C3a, C4a, and C5a in maternal plasma were higher in normal pregnant women than in non-pregnant women, and the concentration of C3a, C4a, and C5a did not change with gestational age (13), it indicates complement system is activated during the normal pregnancy. Haeger et al. reported that plasma C3a and C5a concentrations in patients with preeclampsia were higher than in normal pregnant women at the time of delivery (14, 15). However, other studies showed that the C3a level had no significant difference between healthy and preeclampsia pregnant women (16, 17). Hence, previous studies did not achieve consistent conclusions about the plasma level of C3a in preeclamptic patients compared to pregnant controls.

Biomarkers in maternal blood seem to have a modest predictive potential in early pregnancy or have good prediction for preeclampsia (18). Accumulating evidence suggests that preeclampsia results from an imbalance in angiogenic factors, which damage maternal vascular endothelium (19, 20). It is known that circulating concentrations of soluble endoglin (sENG) seem to be a suitable marker to assess the severity of preeclampsia (21). However, published reports regarding the levels of sENG at different gestation stages are scarce.

In this study, the levels of adipsin, C3a, C5a, and sENG before delivery were measured to assess their role in preeclampsia. Then, a follow-up analysis was conducted to determine whether complement levels and sENG fluctuate with gestational age and whether plasma adipsin and related important circulating complement molecules can be used as an early-pregnancy predictor and potential diagnostic biomarkers of preeclampsia.



Materials and Methods

The research protocol was approved by the Institutional Committee for the Protection of Human Subjects (the Institutional Review Board of West China Second University Hospital, Sichuan University), and all included patients received routine prenatal examinations and provided informed consent. A cross-sectional study was conducted with 33 patients with severe preeclampsia and 32 controls with a healthy pregnancy without hypertension from a cohort of pregnant women before delivery. Then, a follow-up study subjects were enrolled pregnant during different stages of pregnancy from September 2018 to March 2020, as described in the following. Healthy subjects: first trimester (n=35) (90.20 ± 4.99 days of gestation, range: 80–101); second trimester (n=31) (173.51 ± 8.05 days of gestation, range: 164–196); third trimester (n=35) (229.37 ± 12.84 days of gestation, range: 212–272); postpartum period (n=32) (3 days after delivery); and preeclampsia subjects: first trimester (n=11) (93.64 ± 8.23 days of gestation, range: 78–113); second trimester (n=10) (182.55 ± 10.53 days of gestation, range: 172–204); third trimester (n=10) (225.73 ± 10.75 days of gestation, range: 212–257); postpartum period (n=10) (3 days after delivery). Table 1 presents the clinical characteristics of the enrolled pregnant women in this cross-sectional study and the follow-up study.


Table 1 | Clinical characteristics of cross-sectional study subjects.



The diagnosis of preeclampsia is described in a previous study (22). Briefly, preeclampsia is defined new onset of hypertension present after 20 weeks of gestation combined with systolic blood pressure (BP) ≥140 mm Hg or diastolic BP ≥90 mm Hg on two occasions at least 4 hours apart while the patient is on bed rest, or proteinuria of ≥0.3 g in a 24-h urine specimen. Control subjects had blood pressure measurements taken on the day of enrollment and additional measurements at subsequent antenatal visits to ensure proper group assignment. Exclusion criteria including multiple pregnancies and transplanted organs, other pregnancy complications except for diabetes mellitus (e.g., chronic hypertension), other complications (e.g., renal diseases, oncological diseases and autoimmune diseases), and any known fetal anomalies, were excluded.


Sample Collection

PASS Sample Size Software was used to estimate sample size, two-sample t-test power analysis was performed according to the results of preliminary experiment. The blood was collected in a sterile EDTA-containing vacutainer tube, and serial blood samples were collected from pregnant women enrolled in the follow-up study. The blood samples were kept at room temperature for 20 min, and then samples were centrifuged at 500g and 4°C for 10 min. The plasma was collected and stored at -80°C until further analysis.



Enzyme-Linked Immunosorbent Assay

sENG, adipsin, C3a, and C5a in plasma samples were determined in duplicate by ELISA using commercial kits purchased from RayBiotec, Inc (Norcross, GA). The experiments were conducted in accordance with the manufacturer’s protocols as described previously (23).



Statistical Analysis

Data analysis was performed using SPSS 19 (SPSS Science Inc., Chicago, Illinois) and Prism 6.0 (Graph Pad Software, La Jolla, CA, USA). The unpaired t-test was used to test for normal distribution of the data. Since the maternal plasma concentrations of C5a were not normally distributed, nonparametric Mann–Whitney t-tests were used for analyses. The levels of sENG, adipsin, and C3a in plasma were expressed as mean ± SD values. P<0.05 was considered significant. Binary logistic regression was used to examine the association between plasma adipsin levels and the risk of developing preeclampsia by calculating unadjusted and adjusted odds ratios (ORs). The diagnostic value of these complements for preeclampsia was determined by using receiver-operating characteristics (ROC) curves.




Results


Levels of sENG, adipsin, C3a, and C5a in the Plasma of Pregnant Women With Preeclampsia and Healthy Pregnant Women Before Delivery

Levels of sENG, adipsin, and C5a in the plasma of pregnant women with preeclampsia were higher than those in healthy pregnant women before delivery (Figures 1A, B, D). The level of sENG in pregnant women with preeclampsia (48.44 ± 5.018 ng/mL) was significantly higher than that in healthy pregnant women (21.59 ± 2.358 ng/mL) (P<0.001). The adipsin concentrations were 2153 ± 201.4 ng/mL and 3161 ± 214.7 ng/mL in the healthy and preeclampsia populations, respectively (P<0.01). However, there was no significant change in the C3a levels amongst patients with preeclampsia (Figure 1C). In addition, to exclude the effect of BMI on changes of adipsin levels, further statistical analysis was performed. After adjusting this difference for BMI, plasma level of adipsin remained significantly lower in the preeclampsia group (Table 2, P<0.05).


Table 2 | Early predictive value of sENG, adispin, C5a, and C3a for preeclampsia.






Figure 1 | Plasma levels of sENG, adipsin, C3a, and C5a before delivery. Levels of sENG (A), adipsin (B), C3a (C), and C5a (D) in the plasma of healthy (white, n = 32) and preeclampsia (gray, n = 33) populations as measured using ELISA. **P < 0.01 vs. healthy pregnant women.





Levels of sENG, adipsin, C3a, and C5a in the Plasma During Healthy and Preeclampsia Pregnancy

To explore whether circulating complements and sENG levels fluctuate with gestational age in healthy subjects, we detected the concentrations during the different stages of pregnancy. As shown in Figures 2A–C, in healthy subjects, the plasma sENG level was increased from the third trimester, the plasma adipsin level had no significant difference throughout the pregnancy, and the levels of C3a was increased in the second trimester and remained stable thereafter. Next, we compared the differences of circulating complements and sENG levels between healthy and preeclampsia subjects at different gestation stages. Compared with the healthy subjects, plasma sENG levels showed an increase in pregnant women with preeclampsia throughout the pregnancy, but there were significant differences only in first and second trimesters (Figure 2A, P<0.05). Levels of adipsin were higher in pregnant women with preeclampsia throughout the pregnancy, but had no significant difference in third trimester (Figure 2B, P<0.05, P<0.01). C3a levels showed rising trends (Figure 2C); C5a levels were not significantly different throughout normal pregnancy, but rather increased significantly in first trimester and after delivery in women with preeclampsia (Figure 2D, P<0.05).




Figure 2 | Plasma levels of sENG, adipsin, C3a, and C5a during the pregnancy. sENG (A), adipsin (B), C3a (C), and C5a (D) in the plasma samples of pregnant women with preeclampsia and healthy pregnant women throughout pregnancy were tested using ELISA kits, including in the first trimester (healthy n = 35, preeclampsia n = 11); second trimester (healthy n = 31, preeclampsia n=10); third trimester (healthy n=35, preeclampsia n = 10); and the postpartum period (healthy n = 32, preeclampsia n = 10). σ full line: healthy, ○ dotted line: preeclampsia. *P < 0.05, **P < 0.01 vs. healthy pregnant women.





Predictive Value of sENG, adipsin, C3a, and C5a in Early Pregnancy for Preeclampsia

Based on the plasma levels of the complement molecules and sENG from the healthy control and preeclampsia cases, their predictive values were evaluated using the area under the ROC curve (AUC). The results are presented in Table 2 and Figure 3. Compared with the reference factor sENG (AUC, 0.74 ± 0.09; Figure 3A, P=0.021), the predictive value of adipsin (AUC, 0.83 ± 0.06; Figure 3B, P=0.001) showed better. Eleven patients with preeclampsia were followed up, and their onset time was 37.09 ± 2.82 weeks of gestation. In early pregnancy, plasma adipsin levels of 10 patients were higher than the average level of healthy subjects (2110.97 ± 740.09 ng/mL), and nine of them were diagnosed with preeclampsia in the third trimester, proving that adipsin has a good predictive value.




Figure 3 | Predictive value of sENG, adipsin, C3a, and C5a for preeclampsia. Receiver-operating characteristics (ROC) curves were plotted for sENG (A), adipsin (B), C3a (C), and C5a (D).



The threshold that provided maximal sensitivity and specificity for the prediction of preeclampsia was determined as the cut-off value. As shown in Table 3, the sensitivity and specificity of adipsin was the highest, at 81.8% and 75.8%, followed by that of sENG, at 72.7% and 60.6%, respectively. Moreover, the positive predict value and negative predict value of adipsin also was the highest, at 52.9% and 92.3%, respectively. Because adipsin showed a much higher sensitivity and specificity, we decided to use adipsin as a basis for combinations. The results showed that the sensitivity of adipsin and sENG was the highest at 90.9%, but the specificity decreased to 48.0%.


Table 3 | The unadjusted and adjusted ORs with 95% CIs of the relationship between preeclampsia and BMI.






Discussion

Accumulating data from the clinical research support that biomarkers contribute with diagnostically relevant information, also in the early disease stages (24). Angiogenic and anti-angiogenic factors have emerged as important biomarkers in preeclampsia. This seminal discovery has led to many biomarker studies, attempting to predict preeclampsia with PlGF, sFlt-1, and the sFlt-1/PlGF ratio, as well as to predict the absence of preeclampsia in pregnant women (25). In women with suspected preeclampsia presenting at <34 weeks, circulating sFlt1/PlGF ratio predicts adverse outcomes occurring within 2 weeks (26). It is biologically plausible that sENG is a blood-based biomarker of placental dysfunction (27). Moreover, changes in the levels of sENG and sFlt-1 between the first and second trimesters were predictive of preterm preeclampsia (28). Circulating sENG levels increased markedly beginning 2–3 months before the onset of preeclampsia (29). However, their position is still inconclusive in the early prediction and diagnosis of disease. Considering that sFlt-1 is generally detected simultaneously with PlGF, and the ratio of sFlt-1/PlGF needs to be calculated. This is a little bit more complicated. Moreover, the constitutive levels of plasma sFlt-1 and PlGF are lower, and more samples are needed. Many studies have shown that sENG also as a good biomarker for preeclampsia (21, 27), and the constitutive level of sENG is higher and stable. In this study, we also found that plasma sENG levels were significantly higher in patients with preeclampsia than in those with healthy pregnancy. Unlike in the past, we found that the plasma sENG levels of preeclampsia subjects were increased throughout the pregnancy, and returned to their normal levels after delivery. This further confirms the importance of sENG for early-pregnancy prediction and diagnosis in preeclampsia.

A series of studies have shown that changes in the serum levels of complement proteins (C1q, Bb, and C5b-9) could be potential diagnostic markers for severe preeclampsia (30, 31). Lynch et al. conducted a prospective study in human pregnancy (n=701) to investigate whether elevated levels of complement activation fragment Bb (reflecting activation of alternative complement pathway) at a single point in early pregnancy (>20 weeks gestation) were predictive of preeclampsia later in pregnancy (31). There was also a strong correlation between urinary levels of membrane attack complex C5b-9 and urinary excretion of sFlt-1. Urinary C5b-9 is a promising biomarker in severe preeclampsia (32). However, the changes of sC5b-9 in plasma were not significant. It reported that the level of sC5b-9 did not increase significantly in the plasma of patients with preeclampsia throughout pregnancy (33). Agostinis et al. also indicated that the plasma level of the sC5b-9 did not change significantly between the preeclampsia and healthy pregnant women (34). Thus, the sC5b-9 may not be a possible predictor in plasma of early pregnancy, it was not measured in this study. This suggested that complement component fragments have the potential and application value as a biomarker. Our previous study also found that the adipsin levels were significantly elevated in the plasma of patients with preeclampsia, and the urinary adipsin concentration seems to be a good biomarker for the diagnosis of preeclampsia (10). Indeed, we found adipsin and C5a levels in plasma were increased before delivery, similar to the sENG level. Therefore, we speculated that changes in plasma complement levels might be valuable for prediction in early pregnancy.

Components of the alternative pathway are important for successful placentation, and appropriate regulation of complement activation is critical for pregnancy (7). Activation of the alternative pathway might play a connecting role between placentally derived inflammatory stimuli and the maternal syndrome of preeclampsia (35–37). Although studies have shown that the complement-activation fragments in maternal plasma such as Bb, C3a, C5a are a significant risk factor for preeclampsia (14, 16), only few studies focused on the upstream complement protein such as adipsin. Adipsin is related to the activation of the complement pathway in the decidual fibroblast, which contributes to the activation of the defense mechanisms of the extracellular placental tissue in mouse (38). Recently, it has also been indicated that the adipsin-C3a pathway connects adipocyte function to β-cell physiology (39). We found that levels of adipsin are higher in pregnant women with preeclampsia throughout the pregnancy. The increased level of adipsin towards late gestation may be involved in pregnancy-associated metabolic changes and the pathophysiology of preeclampsia (9). Therefore, the increase in adipsin levels may regulate changes in downstream products and participate in vascular endothelial injury in preeclampsia patients. Given that the plasma adipsin levels were increased from the first trimester, adipsin may play a role in the onset of preeclampsia and could therefore be used as a potential marker. Indeed, the sensitivity and specificity of adipsin was the highest, at 81.80% and 75.8%. This study followed up with 11 preeclampsia patients, and their onset time was 37.09 ± 2.82 weeks of gestation. In early pregnancy, the plasma adipsin levels of 10 patients were higher than the average plasma levels of healthy subjects, and nine of them were diagnosed with preeclampsia in the third trimester. Moreover, the combination of sENG and adipsin seems to be a more accurate biomarker to predict patients at risk for preeclampsia in early pregnancy, as the sensitivity of adipsin was 90.9%. Although the specificity of the combination was significantly reduced, it is still of great value for early prediction, as it can be combined with other clinical features as an auxiliary predictor. This is a clinically relevant finding but requires further validation in a research with large sample size.

It should note is that there is a significant difference in BMI between preeclampsia and control groups. Also, it was revealed that the circulating adipsin level tends to correlate positively with the BMI of individuals (40). A positive correlation with weight and BMI in the first and last period were found when adipsin levels were analyzed in each period of gestation (9). Reynolds et al. found significant associations between BMI≥25 and increased levels of fragments C3a and iC3b, and component CFH in the control subjects; however, there was no significant correlation between BMI and adipsin (41). We also found that the BMI was not regarded as a potential confounder in the analysis of adipsin levels between preeclampsia and control groups. Still, higher BMI is a known risk factor for the development of preelampsia and considered consistently to be a predictor of preeclampsia (42, 43). A large retrospective cohort study (18 years-survey, 1736 cases) indicated that the increment of BMI was only associated with late onset preeclampsia (44). Hence, adipsin can be used as a predictor of preeclampsia and is not affected by BMI, BMI is also a generally accepted predictor.

Many previous studies have reported the association between C3a level and preeclampsia with conflicting results. Research studies have indicated a lack of significant change in plasma C3a between normotensive and preeclamptic pregnancies (33, 45); these are in agreement with our present study findings. However, it is in contrast to other recent studies that showed elevated C3a in preeclampsia (35, 46, 47). Exogenous activation is particularly evident in blood with higher levels of extrinsic complement proteases (such as thrombin and tissue factor) that cleaved C3 and C5 ex vivo (48). Thus, the samples may have occurred complement activation ex vivo, leading to an inappropriate and misleading increases in C3a in the preeclamptic samples. Moreover, the differences in these results were related to the variety of complement components measured and the different detection methods employed.

A recent study suggested that targeting complement C5a promotes vascular integrity and limits airway remodeling, which is a key mechanism underlying the pathogenesis of severe preeclampsia (49). Our results showing that the C5a level was significantly increased in preeclampsia is in accordance with previous studies that demonstrated elevated plasma C5a levels just prior to delivery (45) and elevated maternal circulating C5a in preeclampsia throughout the gestational period (17). C5a and the terminal complex can activate monocytes and neutrophils with the release of biologically active and potent inflammatory mediators such as proteases, free oxygen radicals, and pro-inflammatory cytokines (50), which hinder angiogenesis and then contribute to placental insufficiency and maternal endothelial dysfunction in patients with preeclampsia (5).

In the current study, we analyzed the plasma levels of major complement components in women with normal pregnancy during the different stages of pregnancy. We found the plasma adipsin level remained stable throughout the pregnancy. This was in disagreement with the study that showed that a significant decrease in serum adipsin levels was observed throughout normal pregnancy compared with three months postpartum (9). We hypothesized that this may vary depending on the type and timing of the sample collected. Our finding is in accordance with previous studies which reported that there was a higher level of C3a in the second trimester, which then remained stable, while C5a levels remained largely unchanged (51). However, Derzsy et al. found that normal human pregnancy is characterized by a significant increase in C3a and C5a in the maternal circulation, which does not fluctuate with gestational age (15). It has been proposed that the inhibition of complement system promotes the physiologic changes at fetal-maternal interface required for a successful pregnancy, the complement levels of normal pregnancy are decreased in the early pregnancy compared to non-pregnant women. Then, some complements levels have increased trends or remain relatively stable throughout the pregnancy (52, 53). The results of follow-up study are similar with these findings. Instead, compared with the healthy pregnant women, the complements molecular levels of the preeclamptic pregnant women with smaller gestational age in the third trimester were higher. Thus, gestational age does not affect our result, that is, the complements values of preeclamptic pregnant women significantly were increased in third trimester.

In conclusion, we innovatively compared plasma levels of adipsin between the preeclampsia and control groups at different stages of pregnancy, and evaluated their predictive values in early pregnancy. The combination of sENG and adipsin seems to be a novel plasma biomarker to monitor the preeclampsia risk combined with known clinical predictors in early pregnancy. Moreover, the dysregulation of the complement system through the alternative pathway in the third trimester may be associated with preeclampsia. However, whether the change of complement molecular level is the direct cause of preeclamptic pathophysiology and the specific mechanism still need to be further investigated.
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Introduction

The morphological patterns in indirect immunofluorescence assay on HEp-2 cells (HEp-2 IFA) reflect the autoantibodies in the sample. The International Consensus on ANA Patterns (ICAP) classifies 30 relevant patterns (AC-0 to AC-29). AC-4 (fine speckled nuclear pattern) is associated to anti-SS-A/Ro, anti-SS-B/La, and several autoantibodies. Anti-SS-A/Ro samples may contain antibodies to Ro60 and Ro52. A variation of AC-4 (herein designated AC-4a), characterized by myriad discrete nuclear speckles, was reported to be associated with anti-SS-A/Ro. The plain fine speckled pattern (herein designated AC-4b) seldom was associated with anti-SS-A/Ro. This study reports the experience of four expert laboratories on AC-4a and AC-4b.



Methods

Anti-Ro60 monoclonal antibody A7 was used to investigate the HEp-2 IFA pattern. Records containing concomitant HEp-2 IFA and SS-A/Ro tests from Durand Laboratory, Argentina (n = 383) and Fleury Laboratory, Brazil (n = 144,471) were analyzed for associations between HEp-2 IFA patterns and disease-associated autoantibodies (DAA): double-stranded DNA, Scl-70, nucleosome, SS-B/La, Sm, and U1-RNP. A total of 381 samples from Dresden Technical University (TU-Dresden), Germany, were assayed for HEp-2 IFA and DAA.



Results

Monoclonal A7 recognized Ro60 in Western blot and immunoprecipitation, and yielded the AC-4a pattern on HEp-2 IFA. Analyses from Durand Laboratory and Fleury Laboratory yielded compatible results: AC-4a was less frequent (8.9% and 2.7%, respectively) than AC-4b (26.1% and 24.2%) in HEp-2 IFA-positive samples. Reactivity to SS-A/Ro occurred in 67.6% and 96.3% of AC-4a-pattern samples against 23% and 6.8% of AC-4b pattern samples. Reciprocally, AC-4a occurred in 24% and 47.1% of anti-SS-A/Ro-positive samples, and in 3.8% and 0.1% of anti-SS-A/Ro-negative samples. Data from TU-Dresden show that the AC-4a pattern occurred in 69% of 169 anti-SS-A/Ro-monospecific samples (62% of all anti-SS-A/Ro-positive samples) and in 4% of anti-SS-A/Ro-negative samples, whereas anti-SS-A/Ro occurred in 98.3% of AC-4a samples and in 47.9% of AC-4b samples. In all laboratories, coexistence of anti-SS-B/La, but not other DAA, in anti-SS-A/Ro-positive samples did not disturb the AC-4a pattern. AC-4a was predominantly associated with anti-Ro60 antibodies.



Conclusions

This study confirms the association of AC-4a pattern and anti-SS-A/Ro in opposition to the AC-4b pattern. The results of four international expert laboratories support the worldwide applicability of these AC-4 pattern variants and their incorporation into ICAP classification under codes AC-4a and AC-4b, respectively. The AC-4 pattern should be maintained as an umbrella pattern for cases in which one cannot discriminate AC-4a and AC-4b patterns. The acknowledgment of the AC-4a pattern should add value to HEp-2 IFA interpretation.
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Introduction

The indirect immunofluorescence assay on HEp-2 cells (HEp-2 IFA), traditionally known as the antinuclear antibody (ANA) test, is widely used as an initial approach for the screening for autoantibodies in systemic rheumatic autoimmune diseases (SARD) (1, 2). IFA using a monolayer of HEp-2 cells allows the identification of several morphological patterns that mirror the topographic distribution of autoantigens recognized by autoantibodies in a given sample. Thus, HEp-2 IFA patterns indicate the putative autoantibody specificities in the sample and represent a valuable parameter for the interpretation of a positive HEp-2 IFA test (3, 4). For example, the homogeneous nuclear pattern (associated with antibodies to native DNA and nucleosome) and the coarse speckled nuclear pattern (associated with antibodies to Sm and U1RNP) deserve serious attention and further investigation with reflex autoantibody testing (3, 4). In contrast, the dense fine speckled nuclear pattern (strongly associated with anti-DFS70 antibodies) is most probably not related to systemic autoimmune diseases, even at high titer (4, 5). The acknowledged clinical utility of the HEp-2 IFA patterns stimulated specialists to set up the International Consensus on ANA Patterns initiative (ICAP) (6). ICAP has established a classification algorithm comprising 30 relevant HEp-2 IFA patterns with the respective alphanumeric codes from AC-0 (AC, for anti-cell) to AC-29 (www.anapatterns.org).

Some AC patterns have strong and circumscribed immunologic and clinical associations (7). For example, AC-1 (homogeneous nuclear pattern) and AC-5 (coarse speckled nuclear pattern) are strongly associated with anti-native DNA and/or nucleosome antibodies, which are valuable biomarkers for systemic lupus erythematosus (SLE) (8, 9). The composite AC-29 pattern is tightly associated with antibodies to DNA topoisomerase 1 (10–12), which is a biomarker for systemic sclerosis. On the other hand, some AC patterns are not associated with systemic autoimmune diseases. The prototype pattern in this category is the dense fine speckled nuclear pattern (AC-2) that preferentially is observed in asymptomatic individuals (4, 5, 13) and in patients with non-autoimmune diseases (14). Finally, some AC patterns have heterogeneous clinical relevance (7). In the latter category, the AC-4 (nuclear fine speckled) pattern deserves attention because this is one of the most frequent patterns observed in the clinical laboratory routine. Mariz et al. reported that the AC-4 pattern corresponds to 45.8% and 42% of all HEp-2 IFA-positive samples from normal individuals and patients with SARD, respectively (4). Although the AC-4 pattern has been associated with antibodies to SS-A/Ro and/or SS-B/La (3, 7), it has much higher frequency in the general population and in SARD patients than the expected frequency of these two autoantibodies. This observation defies the traditional association of the AC-4 pattern with anti-SS-A/Ro and anti-SS-B/La, suggesting the possibility that subtle nuances may help discriminate the HEp-2 IFA pattern truly associated with these antibodies.

In fact, Dellavance et al. identified a variation of the AC-4 pattern that was strongly associated with antibodies to the anti-Ro60 moiety of the SS-A/Ro antigen system (15). Originally described as myriad tiny discrete speckles across the nucleoplasm of interphase cells and not staining the mitotic chromosome masses, this AC-4 variant pattern was present in 91.6% of 48 sequential samples positive for anti-Ro60 antibodies. Conversely, anti-Ro60 reactivity was demonstrated in 98.8% of 86 consecutive samples presenting the AC-4 variant pattern. These investigators proposed that the AC-4 variant pattern should prompt the reflex testing for anti-Ro60 antibodies.

The present study reports the experience of four independent expert laboratories in Argentina, Brazil, Germany, and the USA, respectively, regarding the autoantibody associations of the traditional AC-4 and the variant AC-4 patterns. In this study, the myriad tiny discrete speckles AC-4 variant pattern will be preliminarily designated AC-4a and the plain AC-4 pattern will be designated AC-4b (Figure 1). The term anti-SS-A/Ro will be used to describe reactivity to Ro60 and/or Ro52, whereas the terms anti-Ro60 and anti-Ro52 will be used when only one of these autoantibodies is present.




Figure 1 | Indirect immunofluorescence on HEp-2 cells showing the AC-4a and AC-4b patterns. (A) IUIS/ASC reference human serum for anti-SS-A/Ro IS2105 diluted 1/160 exhibiting the characteristic myriad discrete speckled nuclear AC-4a pattern (arrows, discrete tiny nuclear speckles); (B) Human serum with no reactivity to SS-A/Ro, diluted 1/160, exhibiting the characteristic plain nuclear fine speckled pattern (AC-4b) mostly lacking discrete speckles. Inova HEp-2 slide used. Magnification ×400.





Materials and Methods

This study is based on the analysis of clinical laboratory databanks and experimental data from four independent international laboratories run by autoantibody experts belonging to the ICAP executive board. Therefore, the methodological approach is slightly different for each center (Figure 2). For the Argentinian and Brazilian centers, data on immunoassay results were retrieved from established databanks and no additional sample processing was done. These two centers specify the two AC-4 variants in their routine operation for several years. For the German center, samples were retrieved from a serum bank and re-processed specially for this study. The USA center contributed the analysis of monoclonal antibody and an international standard reference serum with reactivity to Ro60. In all centers, HEp-2 IFA patterns were defined according to the ICAP classification, with the additional classification of the AC-4a and AC-4b patterns (Figures 1A, B). The chi-square test was used for comparison of the distribution of frequency of two or more categorical variables and a p-value <0.05 was considered statistically significant.




Figure 2 | Workflow of data retrieval and sample analysis in the three independent clinical laboratories. The Argentinian center (Durand Hospital) and the Brazilian center (Fleury Laboratory) provided retrospective data obtained from databanks of samples assayed in the day-to-day operation. From the serum bank, the German center (Technical University Dresden) retrieved samples recorded as positive or negative for anti-SS-A/Ro and prospectively assayed them for disease-associated autoantibodies (DAA).




Monoclonal Antibody Against SS-A/Ro 60-kDa Protein

A human Ro60 full-length cDNA (16) was subcloned into pET28 expression vector (Invitrogen, Carlsbad, CA, USA). Recombinant proteins were produced in Escherichia coli BL21 (DE3; Novagen, Madison, WI, USA) and purified using Ni2+ affinity chromatography as per the manufacturer’s instructions (Qiagen, Valencia, CA, USA) (17). The soluble recombinant protein was subsequently used in the immunization protocol and production of murine hybridomas using standard protocols as previously described (18, 19). Monoclonal anti-Ro60 IgG antibody A7 was detected in initial screening by ELISA and followed by using HEp-2 IFA. Further characterization of A7 included Western blot analysis using soluble lysate from MOLT-4 cells and a higher ratio of acrylamide monomer as cross-linker in an optimized polyacrylamide gel electrophoresis system (20), immunoprecipitation (IP) with lysate from HeLa cells metabolically labeled with [35S]-methionine (21, 22), and also IP using in vitro [35S]-methionine-labeled translation products of Ro60 recombinant cDNA (19). IP was performed in the presence of unconjugated goat anti-mouse IgG/IgM affinity-purified IgG (Jackson ImmunoResearch Lab, West Grove, PA, USA) as a secondary linker to ensure binding of the putative monoclonal antibody to the protein G-Sepharose beads.



Argentinian Branch

The study included 383 samples consecutively submitted for HEp-2 IFA testing and disease-associated autoantibodies (DAA) for a 2-year period (2017 and 2018) at the Immunology Laboratory of Durand Hospital in Buenos Aires, Argentina. HEp-2 IFA was performed using slides from Bio-Rad Kallestad™ (Hercules, CA, USA) according to the manufacturer’s instructions and observed under ×400 magnification by two expert technicians. The selected samples were tested for DAA, including double-stranded DNA (dsDNA), nucleosome, histones, SmD1, U1-snRNP, Ro60, Ro52, SS-B/La, Scl-70, CENP-B, Jo-1, and Rib-P, using IgG Line Immuno Assay (LIA) kits (IMTEC-ANA-LIA) from HUMAN (Wiesbaden, Germany). The use of data from the databank was approved by the Ethics Committee at Durand Hospital.



Brazilian Branch

The retrospective analysis comprehended results obtained in 144,471 serum samples tested for HEp-2 IFA and anti-Ro60 antibodies in the period from January 2012 to July 2018. A nested cohort of 2,953 samples had concomitant results for tests for other DAA (dsDNA, nucleosome, Sm, U1-RNP, SS-B/La, Scl-70). HEp-2 IFA was performed using HEp-2 slides from MBL-Bion Enterprise Ltd (Des Plaines, IL, USA), according to the manufacturer’s instructions at ×400 magnification by at least two expert observers in a team of 12 analysts intensively trained and harmonized to interpret HEp-2 IFA. Determination of antibodies to Ro60, SS-B/La, Sm, U1-RNP, Jo-1, and Scl-70 was performed by the Ouchterlony double immunodiffusion (DID) technique (23). It is relevant to mention that this method is able to detect antibodies to Ro60 but largely insensitive for antibodies to Ro52 (24). Therefore, the data from the Brazilian branch will be referred to as anti-Ro60 antibodies. Antibodies to ds-DNA and to nucleosome were determined by IFA on Crithidia luciliae (25) and chemoluminescence immunoassay (Inova Diagnostics, La Jolla, CA, USA), respectively. The use of data from the databank was approved by the Ethics Committee at Fleury Laboratory.



German Branch

Samples were retrieved from a 12-year period serum bank at the Institute of Immunology of the Technical University Dresden (TU Dresden). From 2001 to 2012, 4,663 samples have been tested for HEp-2 IFA using slides from Medipan GmbH (Dahlewitz, Germany) and for anti-SS-A/Ro using ELISA made by Orgentec Diagnostica GmbH (Mainz, Germany). Out of these, 742 samples were reagent against SS-A/Ro (Ro60 and/or Ro52), of which 381 were available for further testing including separate ELISA for antibodies to Ro60 and Ro52 made by Orgentec Diagnostica GmbH, Mainz, Germany). As a control, 100 samples were randomly chosen from HEp-2 IFA-positive samples and tested non-reagent to SS-A/Ro and other DAA (dsDNA, nucleosome, Sm, U1-RNP, SS-B/La, Scl-70, Jo-1). This control group (HEp-2 IFA-positive, but negative for DAA) was formed by 75 samples from patients and 25 samples from blood donors, all stored in the TU Dresden serum bank (Figure 3).




Figure 3 | Serum samples from the Institute of Immunology of the Technical University of Dresden, Germany, were classified into four groups. Group A: samples with antibodies to SS-A/Ro and no other disease-associated autoantibody (DAA) (dsDNA, nucleosome, Sm, U1-RNP, SS-B/La, Scl-70, Jo-1). Group B: samples with antibodies to SS-A/Ro and SS-B/La, and no additional DAA. Group C: samples with anti-SS-A/Ro antibodies (with or without anti-SS-B/La) and one or more additional DAA. Group D: samples with positive HEp-2 IFA result and negative for anti-SS-A/Ro and other DAA. Each group was further stratified as shown in the boxes.



The 381 anti-SS-A/Ro-positive samples from the serum bank were divided into three groups (Figure 3): Group A (169 samples with monospecific anti-SS-A/Ro reactivity); Group B (104 samples with reactivity to SS-A/Ro and SS-B/La); Group C [108 samples with reactivity to SS-A/Ro (with or without anti-SS-B/La) plus at least one additional DAA]. Group A was further divided into subgroup A1 (84 samples with reactivity to Ro52 and Ro60), subgroup A2 (32 samples with reactivity to Ro52 and negative for anti-Ro60), and subgroup A3 (53 samples reactive with Ro60 and negative for anti-Ro52). Analogously, Group B was further divided into subgroup B1 (92 samples reactive with SS-B/La, Ro52 and Ro60), subgroup B2 (two samples reactive with SS-B/La and Ro52, but negative for anti-Ro60), and subgroup B3 (10 samples reactive with SS-B/La and Ro60, but negative for anti-Ro52). Group C was further divided into subgroup C1 (14 samples with additional reactivity to Sm and/or U1-RNP), subgroup C2 (62 samples with additional reactivity to chromatin-associated antigens), subgroup C3 (7 samples with additional reactivity to centromere), subgroup C4 (10 samples with reactivity to one additional autoantibody), and subgroup C5 (15 samples with antibodies to at least two additional autoantibodies).

Group D was formed with 100 freshly obtained HEp-2 IFA-positive anti-SS-A/Ro-negative samples from two sources, routine HEp-2 IFA testing (subgroup D1) and blood donors (subgroup D2). Subgroup D1 was randomly chosen among samples with successive HEP-p-2 IFA titer (1/80, 1/160, up to 1/2560) and a negative result for anti- SS-A/Ro. After removing those with a positive result for DAA and after exclusion of follow-up duplicate sera from the same individual, there were 75 SS-A/Ro-negative samples in subgroup D1. Subgroup D2 came from blood donors and comprised 25 samples from anti-SS-A/Ro-negative blood donors that were also negative for other autoantibodies.

The use of serum samples for this study was approved by the Ethics Committee of the Medical Faculty Carl Gustav Carus of the TU Dresden (EK 56022014, EK 226112006) and of the Sächsische Landesärztekammer (EK-BR-13/13-1). HEp-2 IFA was performed using ANA HEp-2 plus slides (Medipan GmbH, Dahlewitz, Germany) according to the manufacturer’s instructions and observed under ×400 magnification by two expert technicians.




Results


Monoclonal A7 With Reactivity to Ro60 Reproduces the Characteristic AC-4a Pattern

Hybridoma A7 was selected as one of the strong reactors in the initial screening with Ro60 ELISA. After two rounds of subcloning, demonstration for monoclonal A7 to be specific for Ro60 was provided by Western blot analysis and IP. A7 recognized a single 60-kDa band in Western blot analysis of MOLT-4 cell lysate (Figure 4A). IP with radiolabeled HeLa cell lysate showed reactivity to a 60-kDa protein that co-migrates with that of the prototype anti-SS-A/Ro serum Ge (Figure 4B) and not detected with control culture medium (Ct) or monoclonal antibody to SS-B/La A1 (18). A7 also shows reactivity to recombinant Ro60 in IP with labeled in vitro translation product (Figure 4C). HEp-2 IFA with A7 showed the characteristic AC-4a pattern (Figure 4D) similar to the staining with IUIS/ASC reference serum for anti-SS-A/Ro IS2105 (Figure 1A).




Figure 4 | Characterization of SS-A/Ro60 monoclonal antibody A7 in Western blotting, immunoprecipitation, and indirect immunofluorescence on HEp-2 cells. (A) Western blot analysis of A7 showed reactivity to the 60 kDa protein (arrow) in the MOLT-4 cell lysate. Control (Ct) culture supernatant showed no reactivity. (B) Immunoprecipitation (IP) with lysate from HeLa cells metabolically labeled with [35S]-methionine. Ge and A1 are human prototype serum for anti-SS-A/Ro and mouse monoclonal antibody to SS-B/La, respectively. The non-specific bands showing in all lanes were seen when secondary bridging antibody was used. (C) IP with in vitro transcription and translation (TnT) product of Ro60. The lane TnT represented loading of 1/10 amount of [35S]-methionine-labeled product compared to the one used in IP with Ct, Ge, and A7. (D) Indirect immunofluorescence on HEp-2 cells with monoclonal A7 against Ro60 showing the characteristic AC-4a pattern (magnification ×400).



Thus, the characteristic features of the AC-4a pattern observed with anti-SS-A/Ro-positive human samples were reproduced with the mouse monoclonal A7 with reactivity to the Ro60. Next, we show that the association between anti-SS-A/Ro antibodies and the AC-4a pattern is largely confirmed with serum collections from three independent international expert clinical laboratories.



Argentinian Branch

Out of 383 samples with concomitant request for HEp-2 IFA tests and DAA, 309 had a positive HEp-2 IFA result. Among these, the AC-4a pattern was less frequent (34; 8.9%) than the AC-4b pattern (100; 26.1%). Reactivity to SS-A/Ro was observed in the majority (67.6%) of samples with the AC-4a pattern. In contrast, among the 100 samples presenting the AC-4b pattern, less than one-quarter presented antibodies to SS-A/Ro (Figure 5A).




Figure 5 | Association between the AC-4a pattern and antibodies to SS-A/Ro according to data from the Immunology Laboratory of Durand Hospital in Buenos Aires, Argentina. (A) HEp-2 IFA pattern perspective: most samples with the AC-4a pattern were positive, whereas most samples with the AC-4b were negative for anti-SS-A/Ro. (B) Anti-SS-/Ro antibody perspective: the AC-4a pattern was prevalent in samples positive for anti-SS-A/Ro60 and rare in negative samples. In contrast, the AC-4b pattern showed similar frequency in samples positive and negative for anti-SS-A/Ro.



From the perspective of reactivity to SS-A/Ro, among the 96 anti-SS-A/Ro-positive samples, 23 (24%) presented the AC-4a pattern, 23 (24%) presented the AC-4b pattern, 43 (44.8%) presented other patterns, and 7 (7.3%) presented a negative HEp-2 IFA result. In contrast, the AC-4a pattern occurred in a minority (3.8%) of the 287 SS-A/Ro-negative samples, which presented preferentially the AC-4b pattern (26.8%), other patterns (46%), and negative result (23.3%) (Figure 5B). The difference in AC-4a pattern distribution between samples with and without reactivity to SS-A/Ro was statistically significant.

Out of the 383 samples, 274 had confirmed negative result for all tested non-SS-A/Ro DAA, including dsDNA, chromatin, histone, SS-B/La, Sm, U1-RNP, Jo-1, Scl-70, CENP-B, and P-ribosomal protein. Reactivity to SS-A/Ro was observed in 7 (41.2%) of the 17 samples showing the AC-4a pattern, but in a minority (15.4%) of the 78 samples with the AC-4b pattern as well as in samples showing non-AC-4 patterns (11.9%) and in non-reagent (AC-0) samples (8.6%) (Figure 6A). The AC-4a pattern was not sensitive for the presence of anti-SS-A/Ro antibodies, as among the 38 anti-SS-A/Ro-positive samples, 7 (18.4%) presented the AC-4a pattern, 12 (31.6%) presented the AC-4b pattern, 13 (34.2%) presented non-AC-4 patterns, and 6 (15.8%) presented a negative HEp-2 IFA result. The frequency of the AC-4a pattern increased to 66.7% in the 15 samples with coexistence of anti-SS-A/Ro and anti-SS-B/La antibodies. Of note, there were six samples with exclusive reactivity to SS-B/La, none of which presented the AC-4a or the AC-4b patterns. One was non-reagent in HEp-2 IFA (AC-0), one had the AC-8 pattern, two had the pure AC-1 pattern, and two had the AC-1 pattern combined with AC-19 and AC-8 patterns, respectively. The AC-4a pattern showed high specificity for anti-SS-A/Ro antibodies, as this pattern occurred in only 10 (4.2%) of 236 samples with no reactivity to SS-A/Ro. Figure 6B shows the fine specificity of anti-SS-A/Ro antibodies, indicating that the AC-4a pattern was observed in samples with reactivity to Ro60 or to Ro52.




Figure 6 | Frequency of the AC-4a pattern and other patterns in samples with no disease-associated autoantibody (DAA) other than anti-SS-A/Ro according to data from the Immunology Laboratory of Durand Hospital in Buenos Aires, Argentina. This analysis included only samples that were negative for non-SS-A/Ro DAA: dsDNA, chromatin, histones, SmD1, U1-RNP, SS-B/La, Scl-70, CENP-B, Jo-1, and Ribosomal-P. (A) Samples were classified according to the presence or absence of antibodies to SS-A/Ro. The y-axis represents the percentage frequency for each pattern. (B) Samples were classified according to the fine specificity of anti-SS-A/Ro antibodies (anti-Ro60 and anti-Ro52). The y-axis represents the percentage frequency for each autoantibody combination. Absolute numbers in each category are shown at the top of columns.



Out of the 383 samples, 109 presented at least one non-SS-A/Ro DAA antibody, 58 of which had reactivity to SS-A/Ro. The AC-4a pattern occurred in 16 (27.6%) of the 58 anti-SS-A/Ro-positive samples, while the AC-4b pattern and non-AC-4 and AC-0 patterns were observed in 11 (18.9%), 30 (51.7%), and 1 (1.7%) of these samples, respectively. It is reasonable to presume that the presence of extra autoantibodies may have contributed to the low frequency of the AC-4a pattern in this subset of anti-SS-A/Ro-positive samples.



Brazilian Branch

From January 2012 to July 2018, 144,471 records had concomitant request of the HEp-2 IFA and anti-SS-A/Ro tests. The AC-4a pattern was much less frequent (3,836; 2.7%) than the AC-4b pattern (34,958; 24.2%) (Figure 7A). Although less frequent, the AC-4a pattern was very specific for anti-SS-A/Ro antibodies, as reactivity to SS-A/Ro was observed in 3,692 (96.3%) of the AC-4a samples as opposed to only 2,363 (6.8%) of those with the AC-4b pattern.




Figure 7 | Association between the AC4a pattern and antibodies to Ro60 according to data from Fleury Laboratory, São Paulo, Brazil. (A) HEp-2 IFA pattern perspective: most samples with the AC-4a pattern were positive, whereas most samples with the AC-4b were negative for anti-Ro60. (B) Anti-Ro60 antibody perspective: the AC-4a pattern is the most frequent pattern in samples positive for anti-Ro60 and was observed in only 0.1% of samples with no reactivity to Ro60.



Among the 7,850 samples with positive reactivity to SS-A/Ro, 3,694 (47.1%) presented the AC-4a pattern, 2,371 (30.2%) presented the AC-4b pattern, 1,467 (18.7%) presented other patterns and 318 (4.1%) presented a negative HEp-2 IFA result (Figure 7B). In contrast, among the 136,621 samples with a negative result for anti-SS-A/Ro, 140 (0.1%) presented the AC-4a pattern, 33,541 (24.6%) presented the AC-4b pattern, 25,431 (18.6%) presented other patterns, and 77,509 (56.7%) presented a negative HEp-2 IFA result. The difference in HEp-2 IFA pattern distribution between samples with and without reactivity to SS-A/Ro was statistically significant.

The presence of additional autoantibodies in the sample may modulate the final HEp-2 IFA pattern. This may cause several anti-SS-A/Ro-reactive samples to produce HEp-2 IFA patterns other than AC-4a. In fact, some of the 7,850 anti-SS-A/Ro-positive samples had information of concomitant presence of antibodies to native DNA, nucleosome, Sm, U1-RNP or Scl-70. As expected, the frequency of the AC-4a pattern decreased in such samples in comparison to all samples with anti-SS-A/Ro reactivity. In contrast, the concomitant presence of anti-SS-B/La antibodies did not affect the frequency of the AC-4a pattern (Figure 8).




Figure 8 | Frequency of pattern AC-4a in samples reactive with Ro60 and other autoantibodies according to data from Fleury Laboratory, São Paulo, Brazil. A nested cohort of 2,312 Ro60-positive samples had antibodies to one additional DAA (SS-B/La, dsDNA, nucleosome/chromatin, Sm, U1-RNP, or Scl-70). The frequency of samples presenting the AC-4a pattern is depicted for the combinations of SS-A/Ro and each autoantibody. Absolute numbers in each category are shown at the top of columns.



We further explored this point, by analyzing a nested cohort of 2,953 samples with coexistent results for HEp-2 IFA and antibodies to all of the following DAA (native DNA, nucleosome, Sm, U1-RNP, Ro60, SS-B/La, and Scl-70). Except for minor details, this nested cohort analysis reproduced the above analysis with all cases tested for anti-Ro60 antibodies. As demonstrated in Table 1, the frequency of Ro60 antibodies is much higher in samples with the AC-4a pattern (97.2%) than in samples with the AC-4b pattern (9.7%). Although highly specific for Ro60 antibodies, the AC-4a pattern was not very sensitive, as it occurred in only 70 (29.3%) of 188 Ro60-reactive samples with no other DAA. In fact, the majority of the “monospecific” Ro60-reactive samples in this nested cohort presented assorted patterns (52.7%), while a minor fraction presented the AC-4b pattern (14.4%) or the AC-1 pattern (11.5%). Curiously, four “monospecific” Ro60-reactive samples presented a negative (AC-0) HEp-2 IFA test, but it should be noted that AC-0 was also observed in samples reactive with nucleosome (n = 14), native DNA (n = 3), and Sm/RNP (n = 1). Of note, only two samples with the AC-4a pattern showed no DAA, as opposed to the AC-4b pattern, with 86.2% of the samples presenting no DAA (Table 1).


Table 1 | Distribution of HEp-2 IFA patterns in 2,953 samples with order for disease-associated autoantibodies (DAA)* in the Brazilian series.



It is interesting to compare these results with the analysis of patterns traditionally accepted to exhibit strong association with autoantibody specificities, such as the case of AC-1, which is accepted to present a strong association with antibodies to native DNA and nucleosome. As seen in Table 1, the correspondence is not absolute. Although the majority of samples presenting the AC-1 pattern have reactivity to native DNA (29.8%) and/or to nucleosome (67%), 29.8% of them presented none of the DAA. In addition, only 52.9% and 51.2% of samples with reactivity to native DNA and nucleosome, respectively, presented the AC-1 pattern. Almost half of the samples reacting to native DNA and/or nucleosome presented assorted patterns and a few of them presented no HEp-2 IFA reactivity (AC-0).



German Branch

Out of 742 SS-A/Ro-positive samples with result for HEp-2 IFA, 381 were available for further testing. The AC-4a pattern was very frequent in samples with exclusive presence of anti-SS-A/Ro antibodies and in those with concurrent antibodies to SS-A/Ro and SS-B/La, but it dropped to 1/3 of the samples with anti-SS-A/Ro plus additional non-SS-B/La autoantibodies (Figure 9A). In contrast, the AC-4a pattern was seldom observed in samples with no anti-SS-A/Ro reactivity, supporting the specificity of the AC-4a pattern to anti-SS-A/Ro antibodies (Figure 9A, group D). Among the 100 samples from this group, the AC-4a pattern occurred in only four samples (4%), two of them with additionally stained mitotic chromatin plate; the AC-4b pattern occurred in 85 samples (85%), 11 of them with additionally stained chromatin plate; and other patterns occurred in 11 samples (11%).




Figure 9 | Frequency of the AC4a pattern and other patterns in samples with different combination of autoantibodies according to data from the Technical University Dresden, Germany. (A) The AC-4a pattern is more frequent in samples with anti-SS-A/Ro only or in combination with anti-SS-B/La as compared with samples with anti-SS-A/Ro plus other autoantibodies (dsDNA, nucleosome, Sm, U1-RNP, SS-B/La, Scl-70, Jo-1) and samples with no reactivity to SS-A/Ro. (B) In the group with sole reactivity to SS-A/Ro, those that contain anti-Ro60 antibodies show higher frequency of the AC-4a pattern than those with exclusive reactivity to Ro52. (C) The coexistence of anti-SS-B/La did not disturb the association of anti-SS-A/Ro antibodies and the AC-4a pattern. (D) The presence of other DAA prevented the appearance of the AC-4a pattern in the majority of SS-A/Ro-reactive samples.



Among the 169 samples in group A (monospecific anti-SS-A/Ro), the AC-4a pattern occurred in 116 cases (68.6%), the AC-4b pattern occurred in 33 cases (19.5%), and other patterns (including AC-0) occurred in 20 cases (11.8%). The frequency of the AC-4a pattern was even greater among the 84 samples presenting reactivity to Ro60 and Ro52 (subgroup A1), where the AC-4a pattern occurred in 71 cases (84.5%). AC-4a was more frequent in the 53 samples monospecific for the Ro60 (subgroup A3), where it occurred in 36 cases (67.9%), than in the 32 samples reacting only with the Ro52 (subgroup A2), where the AC-4a pattern occurred in 9 cases (28.1%) (Figure 9B).

The association of the AC-4a pattern with antibodies to SS-A/Ro was not disturbed by the presence of anti-SS-B/La antibodies. In fact, among the 104 samples reactive to SS-A/Ro and SS-B/La (group B), the AC-4a pattern was observed in 87 samples (83.7%) and the AC-4b pattern was observed in 17 samples (16.3%). Within this group, the strong association with the AC-4a pattern was seen irrespective of the combination of reactivity to the Ro60 and Ro52 (Figure 9C). However, it must be noted that subgroup B2 (reactive with SS-B/La and Ro52) comprised only two samples.

On the other hand, the concurrent presence of non-SS-B/La autoantibodies tended to disturb the display of the AC-4a pattern in SS-A/Ro-positive samples. Indeed, among the 108 sera reactive to SS-A/Ro and at least one more non-SS-B/La autoantibody (group C), the AC-4a pattern was observed in 34 samples (31.5%), whereas the AC-4b pattern was seen with 28 samples (25.9%), and other patterns in 46 samples (42.6%) (Figure 9D, first column). Samples with a combination of anti-SS-A/Ro and anti-chromatin antibodies (subgroup C2) showed the highest frequency of AC-4a pattern (48%). It must be emphasized, however, that in this group, the mitotic chromosome plate was stained in a homogeneous fashion in the majority of samples showing the AC-4a (91.2%) and AC-4b patterns (89.3%). Among the 10 samples in subgroup C4 (presenting one concurrent non-SS-B/La antibody), the AC-4a pattern could be recognized in three samples: one with anti-Jo-1 antibodies, one with anti-mitotic spindle reactivity, and one with anti-dsDNA antibodies. The AC-4a pattern could not be identified in the remaining samples of this group with reactivity to Jo-1 (n = 2), mitotic spindle (n = 1), centriole (n = 1), Scl-70 (n = 1), Ku (n = 1), and nuclear envelope (n = 1), respectively. There were 15 SS-A/Ro-positive samples with concurrent presence of more than one non-SS-B/La antibody (subgroup C5), among which only one (reacting to SS-A/Ro, dsDNA, histone, Scl-70, Sm, and Jo1) presented the AC-4a pattern.

Altogether, the data from the three clinical centers converged in showing that samples with the AC-4a pattern have a higher frequency of anti-SS-A/Ro antibodies than those with the AC-4b pattern. Conversely, the AC-4a pattern was more frequent and the AC-4b pattern was less frequent in samples with anti-SS-A/Ro antibodies in comparison to those lacking this autoantibody specificity (Table 2). It should be noticed that the frequencies observed in the three centers are not formally comparable, because of heterogeneity in the methodological strategy causing differences in some characteristics of patients in the three centers. For example, 79.2% of the samples in the German center were positive for anti-SS-A/Ro antibodies, as opposed to 25.1% and 5.4% in the Argentinian and Brazilian centers, respectively. This was expected because a positive reactivity to SS-A/Ro was a leading criterion in the selection of the German samples.


Table 2 | Summary of data on the association of AC-4a and AC-4b patterns with reactivity to SS-A/Ro in the three clinical centers*.






Discussion

ICAP has achieved considerable progress in the last 6 years by promoting the harmonization of the nomenclature of 30 HEp-2 IFA patterns that have been organized into a structured algorithm with hyperlink to information related to the description of the patterns, representative images, their associations to distinctive autoantibodies, and their clinical relevance (6, 7). Along the sequential ICAP workshop meetings, the classification algorithm has been improved and new patterns have been incorporated, such as the AC-0 (negative result) (26) and the AC-29 (topoisomerase I-like pattern) (11). The present international multicenter study provides evidence that there is an opportunity for further improving the classification of the fine speckled nuclear pattern (AC-4) by showing that the myriad discrete fine speckled nuclear pattern (preliminarily designated AC-4a) is associated with anti-Ro60 antibodies whereas the plain fine speckled nuclear pattern (preliminarily designated AC-4b) is not.

Dellavance et al. originally reported on a variant of the fine speckled nuclear pattern characterized by myriad tiny discrete nuclear speckles (15). They reported a strong association of this pattern with the presence of anti-SS-A/Ro antibodies and accordingly designated it as SS-A/Ro-like pattern. The study was appropriately controlled, the observations were done by blinded experts, and the findings were consistent in that the association was confirmed in a bidirectional manner, i.e., starting from samples with a positive result for anti-SS-A/Ro antibodies or from samples yielding a SS-A/Ro-like pattern in HEp-2 IFA. Nonetheless, the data were obtained in a single center, which may not reflect the experience of analysts in other institutions. The present study addresses this limitation by incorporating the data from three independent international expert clinical laboratories and experimental evidence from a fourth laboratory. The clinical laboratory data were derived from the databank referent to several years of the routine operation of the three laboratories, which tends to reflect an unbiased real-life scenario.

Although the methodological approach taken by the three clinical laboratories is different, the results point to several common points that support the legitimacy in the acknowledgment of the AC-4a pattern. The three centers uniformly observed that the AC-4a pattern, but not the AC-4b pattern, was more frequent in samples with than in those without anti-SS-A/Ro antibodies. Conversely, samples presenting SS-A/Ro antibodies most frequently yielded the AC-4a pattern, whereas samples negative for anti-SS-A/Ro frequently yielded the AC-4b pattern and seldom the AC-4a pattern. Data from the three centers showed that the coexistence of antibodies to DAA (dsDNA, chromatin, histones, Sm, U1-RNP, Scl-70, and CENP-B) tended to conceal the characteristics of AC-4a. On the other hand, the coexistence of antibodies to SS-B/La did not disturb the association of anti-SS-A/Ro antibodies with the AC-4a pattern. In fact, data from the three clinical laboratory centers showed higher frequency of the AC-4a pattern in samples that had anti-SS/A-Ro and anti-SS-B/La antibodies than in those with anti-SS-A/Ro only. Of note, the six monospecific anti-SS-B/La-positive samples from the Argentinian center did not yield the AC-4a pattern. Considering the usually conjugated response to SS-A/Ro in SS-B/La-positive patients, we hypothesize that the presence of anti-SS-B/La antibodies signalizes a more robust response to SS-A/Ro, favoring a higher frequency of the AC-4a pattern in samples with both antibodies in comparison to those with anti-SS-A/Ro only, as observed in the three centers.

The Argentinian and German centers explored the fine specificity of SS-A/Ro by analyzing samples according to the reactivity to Ro60 and Ro52. Samples reacting to Ro60 confirmed the strong association with the AC-4a pattern. To our surprise, some samples that reacted only to Ro52 also showed a relevant association with the AC-4a pattern, although a substantial fraction of these samples showed the AC-4b, other patterns or no reactivity. This is intriguing because Ro52 has no nuclear localization signal and full-length Ro52-transfected cells showed Ro52 predominantly in the cytoplasm (27). Using three anti-Ro52 monoclonal antibodies, Schmitz et al. obtained a predominantly cytoplasmic diffuse speckled staining in human bladder epithelial cell lines RT112 as well as in HEp-2 cells, and predominantly multiple discrete nuclear pattern on human cell line XPTA (28). In fact, the literature indicates that human antibodies to Ro60 consistently yield a positive nuclear staining, but there is controversy regarding the HEp-2 IFA reactivity of antibodies against Ro52. Some studies report a positive cytoplasmic, nucleolar, or nuclear HEp-2 staining in samples positive for anti-Ro52 and negative for anti-Ro60; however, these samples were not systematically investigated to exclude the presence of other relevant autoantibodies (29–31). Human affinity-purified anti-Ro52 antibodies from five patients yielded no relevant staining while anti-Ro52 from two patients showed predominantly nuclear staining on XPTA cells (28). In addition, it should be emphasized that solid-phase immunoassays frequently do not detect autoantibodies that are detected by HEp-2 IFA and immunoprecipitation. Therefore, it is likely that the samples classified as monospecific anti-Ro52 in the present study actually contained anti-Ro60 antibodies that reacted in HEp-2 IFA, yielding the expected AC-4a pattern. In fact, Chan and Buyon showed that so-called “monospecific” anti-Ro52 samples from patients with SjS and/or SLE depict anti-Ro60 reactivity and co-precipitation of the Ro60 associated hY-RNAs upon careful analysis in immunoprecipitation (32, 33). Of interest, Dellavance et al. found that none of 13 samples from patients with autoimmune hepatitis with exclusive reactivity to Ro52 had a relevant reactivity in HEp-2 IFA (15). In the scenario of autoimmune hepatitis, it is likely that these samples indeed did not contain anti-Ro60 antibodies or other autoantibodies to HEp-2 antigens.

Although the herein presented results confirm the report from Dellavance et al. (15), it is clear that the association between the AC-4a pattern and anti-SS-A/Ro antibodies is not absolute. In fact, this is in accordance with similar findings for other HEp-2 IFA patterns with well-defined and widely accepted autoantibody associations, emphasizing the fact that the phenomenon of HEp-2 IFA pattern/autoantibody association is not absolute. Unexpected HEp-2 IFA patterns in samples with a given autoantibody specificity are not rare, as observed in the daily clinical laboratory routine by experts. Recently, Prado et al. examined this aspect with regard to the AC-1 pattern and showed that only 94 of 194 (48.5%) SLE samples with antibodies to dsDNA and/or nucleosome showed the AC-1 pattern in the HEp-2 IFA test (34). By exploring further the basis of the association, they found that samples with high titer antibodies to both dsDNA and nucleosomes had the highest probability of presenting the AC-1 pattern. Therefore, taking into consideration the relative immunologic associations of other HEp-2 IFA patterns, we consider that the association rate of the AC-4a pattern with anti-SS-A/Ro antibodies herein reported is within the expected range observed for other HEp-2 IFA patterns considered clinically relevant.

The novel AC-4a pattern has the advantage of discriminating the immunological and clinical relevance of two closely related HEp-2 IFA patterns that appear as a fine speckled nuclear pattern with no staining of the metaphase chromatin mass. The AC-4a myriad discrete fine speckled nuclear pattern, but not the AC-4b plain fine speckled nuclear pattern, is associated with anti-SS-A/Ro antibodies. As with other HEp-2 IFA patterns, the correct identification of the AC-4a pattern can be helpful in indicating the possible clinical relevance and the reflex autoantibody testing to be performed. The detailed knowledge about special patterns, such as the AC-4a variant, will help to create and improve algorithms for automated pattern recognition systems or computer-aided diagnosis systems, which may support the human observer and facilitate objectivity. The first steps in this direction are the precise description of patterns and their relation to specific autoantibody entities and the potential influence of further autoantibodies, assay brands, and other factors on the recognition of a pattern.

One potential limitation of the study is the fact that the methodology is heterogeneous among the participating centers. However, we understand that this is also one of the strengths of the study as it reflects the real-world experience in which there is wide variability in operator expertise, microscopes and HEp-2 kits used, among other factors. The three centers used different HEp-2 IFA kits, different methods for the determination of anti-SS-A/Ro (including discrimination or not of anti-Ro52 and anti-Ro60), and other DAA. This also applies to the selection of samples, as the German center processed samples retrieved from the serum bank whereas the Argentinian and Brazilian centers retrospectively analyzed the databank from samples processed in the routine operation. The observed association of the AC-4a pattern and reactivity to SS-A/Ro in the three centers, despite differences in the methodology, speaks for the generalization of the validation of this association.

The heterogeneity in the methodology possibly affected the strength of the association between the AC-4a pattern and reactivity to SS-A/Ro observed in the three centers. In particular, heterogeneity in observer expertise probably accounted for the variability of the results, as the Brazilian center reported the AC-4a pattern in 2013 (15) and regularly classifies this pattern in the routine operation since then. As observed with other HEp-2 IFA patterns, the recognition of the AC-4a pattern requires apprenticeship and training. This is especially true in this case, because the distinction between the AC-4a and AC-4b patterns is a subtle difference in the texture of the nuclear staining pattern. Of relevance to this study, in our day-to-day practice at the Brazilian and Argentinian centers, the analysts are recommended to ascribe the AC-4a pattern only when the typical features are observed; otherwise, the samples should be classified as AC-4b. In this study, the German center found that seven samples could not be clearly classified in the first assay and needed to be reprocessed and further titrated, eventually allowing the final classification of the pattern. In our experience, the characteristics of AC-4a may not be evident at the screening 1/80 dilution and become clearer as the sample is further diluted. In general, the 400 times magnification is appropriate for identification of the AC-4a pattern. In addition, we noticed that AC-4a is more evident with certain HEp-2 slide brands than with others, and this may depend on distinct details of the cell culture and fixation methods applied by different manufacturers (35). Therefore, one needs to identify how the AC-4a pattern shows up in the particular HEp-2 slide brand in use in the laboratory. The availability of the IUIS/ASC reference serum IS2105 will also help laboratories to identify this AC-4a pattern efficiently.

In conclusion, this multicenter study confirms the previously reported strong association of the myriad discrete fine speckled nuclear pattern and antibodies to SS-A/Ro in opposition to the plain fine speckled nuclear pattern, which appears to have no circumscribed autoantibody association. The similarity of results in three independent international expert clinical laboratories speaks for the worldwide applicability of these two variants of the AC-4 pattern. We propose that these novel patterns are incorporated into the ICAP classification algorithm with the codes AC-4a and AC-4b, respectively. The AC-4 pattern should be maintained as an umbrella pattern for cases in which one cannot safely discriminate between AC-4a and AC-4b patterns. The acknowledgment of the AC-4a pattern should add value to the interpretation of the HEp-2 IFA test.
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Introduction

International Consensus on ANA Patterns (ICAP) defines the common nuclear fine speckled pattern on HEp-2 cells assigned to code AC-4 (1). Most often, the AC-4 pattern is caused by antibodies against SS-A/Ro60. But also other antibody specificities are responsible for an AC-4 pattern. Röber and coworkers recommend an improved classification of AC-4 by describing a myriad discrete nuclear fine speckled pattern (preliminarily designated AC-4a) associated with antibodies against SS-A/Ro60 (2). Besides this pattern in sera from patients suspected of suffering from systemic autoimmune rheumatic diseases (SARD), also a plain nuclear fine speckled pattern (preliminarily designated as AC-4b) can be seen. This second subpattern of AC-4 is not related to antibodies against SS-A/Ro60 and seems to have no circumscribed autoantibody association. The authors suppose that the correct identification of the AC-4a subpattern can be useful in finding possible clinical relevance and ordering the reflex autoantibody test.

We agree with their ideas on the usefulness of recognizing specific AC-4 subpatterns with a focus on antibodies against SS-A/Ro60 and their association with connective tissue diseases. But we also think that recognizing the pattern that is not associated with antibodies against SS-A/Ro60 might be important, though up to now no specific autoantibodies or diseases are associated with the non-Ro60 subpattern.

Röber et al. described the pattern caused by antibodies against SS-A/Ro60 as “a myriad discrete nuclear fine speckled pattern”. We agree with their description and confirm the picture of a nuclear fine speckled pattern characterized by a large number of small speckles different in both size and brightness. In contrast, the non-Ro60 nuclear fine speckled pattern illustrates indistinguishable fine speckles revealing an almost homogeneous appearance of the nucleoplasm (Figure 1B). Mixtures of both patterns may happen in sera of patients containing more than one autoantibody specificity (Figure 1C).




Figure 1 | Indirect immunofluorescence pictures of HEp-2 cells. (A) Nuclear pattern of antibodies against Ro60 (AC-4a). (B) AC-4b pattern caused by antibodies against Mi-2. (C) AC-4 mixed pattern of antibodies against Ro60 and antibodies against Ku.



We agree that the non-Ro60 plain fine speckled AC-4 nuclear pattern ought to be described and characterized specifically to differ it from the AC-4 Ro60 pattern and to direct our thoughts to antibodies not found by usual antinuclear antibody (ANA) screening tests.



Clinical Importance of AC-4 Subgroups

The AC-4 nuclear fine speckled pattern may be present in different SARD (3). Recognizing the specific AC-4 subpatterns might be helpful to find the clinical diagnosis and choose the best reflex autoantibody test to confirm the autoantibody subtype. Autoantibodies to SS-A/Ro are part of the current classification criteria for Sjogren’s syndrome (SjS), though the criteria do not distinguish between Ro60 and Ro52/TRIM21 antibodies (4). The AC-4 SSA/Ro60 pattern can be identified with high probability by experienced observers and may be confirmed by specific immunoassays or a common extractable nuclear antigen (ENA) test, which includes SS-A 60-kD antigen. Since Röber’s report, we distinguish both subpatterns in our laboratory with high probability, but we do not yet mention the result on the patient’s report. If the AC-4 pattern is not caused by antibodies against SS-A/Ro60, no specific autoantibodies can be found using common ENA tests except antibodies against SS-B/La, which reveal an AC-4 plain fine speckled pattern preliminarily defined as AC-4b by Röber et al. Isolated antibodies against SS-B/La are very rare and have no diagnostic relevance (5).

Physicians asking for ANA and subtypes usually are not aware that routine testing on ANA subtypes only includes a restricted number of possible autoantibodies but does not include autoantibodies associated with inflammatory myositis like Mi-2, TIF1γ, Ku, or rare antibody specificities seen in other connective tissue diseases. Antibodies against RNA polymerase III also reveal an AC-4 pattern different from the AC-4 SSA/Ro60 pattern. Anti-RNA polymerase III antibodies are a specific marker for systemic sclerosis, associated with severe disease with major organ and diffuse cutaneous involvement (6, 7) and seems to be strongly correlated with concomitant scleroderma and cancer (8).

Physicians might be misdirected if they receive a positive ANA test on HEp-2 cells with an AC-4 pattern but a negative ENA screening. If the laboratory doing the ANA test is informed about suspicious clinical diagnoses, follow-up tests other than ENA tests might be useful. Assays for myositis or scleroderma-related antibodies are indicated in patients showing an AC-4 non-Ro60 pattern.



Discussion

The nuclear fine speckled pattern on HEp-2 cells with ICAP’s code AC-4 can be seen frequently in daily routine workup of autoantibody diagnostics. It is well known that AC-4 and the description nuclear fine speckled include different subpatterns that might be recognized and distinguished by experienced assessors. On ICAP’s webpage, some more help to differ the two subpatterns is included as a note to pattern AC-4 with additional pictures (https://www.anapatterns.org/view_pattern.php?pattern=4).

One of these subpatterns with small distinct dot-like speckles different in size and brightness is caused by antibodies against SS-A/Ro60 (Figure 1A). In contrast, the second AC-4 subpattern presents a uniform distribution of equal-sized fine speckles in the nucleoplasm (Figure 1B) and is not associated with antibodies against SS-A/Ro60. Figure 1B shows a patient’s serum with monospecific Mi-2 antibodies.

Röber et al. (2) preliminarily designated these patterns as AC-4a and AC-4b. It might be considered to subclassify AC-4 into AC-4.1 and AC-4.2 to keep the numerical order of the decision tree. But we agree with Röber et al. that AC-4 subpatterns should be described in detail to facilitate the decision on the further workup of AC-4 positive samples, on additional reflex tests, and better help in the diagnostic workup of difficult clinical cases.
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Inborn errors of immunity (IEI), which were previously termed primary immunodeficiency diseases, represent a large and growing heterogeneous group of diseases that are mostly monogenic. In addition to increased susceptibility to infections, other clinical phenotypes have recently been associated with IEI, such as autoimmune disorders, severe allergies, autoinflammatory disorders, benign lymphoproliferative diseases, and malignant manifestations. The IUIS 2019 classification comprises 430 distinct defects that, although rare individually, represent a group affecting a significant number of patients, with an overall prevalence of 1:1,200-2,000 in the general population. Early IEI diagnosis is critical for appropriate therapy and genetic counseling, however, this process is deeply dependent on accurate laboratory tests. Despite the striking importance of laboratory data for clinical immunologists, several IEI-relevant immunoassays still lack standardization, including standardized protocols, reference materials, and external quality assessment programs. Moreover, well-established reference values mostly remain to be determined, especially for early ages, when the most severe conditions manifest and diagnosis is critical for patient survival. In this article, we intend to approach the issue of standardization and quality control of the nonfunctional diagnostic tests used for IEI, focusing on those frequently utilized in clinical practice. Herein, we will focus on discussing the issues of nonfunctional immunoassays (flow cytometry, enzyme-linked immunosorbent assays, and turbidimetry/nephelometry, among others), as defined by the pure quantification of proteins or cell subsets without cell activation or cell culture-based methods.
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Introduction

Primary immunodeficiency diseases (PID) constitute a large and fast-growing heterogeneous group of genetic diseases, mostly (but not exclusively) caused by loss or gain of function germline mutations. Although PID are classically manifested as increased susceptibility to infections, recently, an increasing variety of autoimmune, autoinflammatory, allergic, and malignant phenotypes has also been recognized (1). This comprehensive concept was closely accompanied by a broader pathophysiological understanding of such disorders, which are now grouped in the category of inborn errors of immunity (IEI) (2). Despite individual rarity, IEI collectively represent a significant proportion of patients, with an estimated overall prevalence of 1:1,200-2,000 (3, 4). They now comprise 406 distinct disorders with 430 different gene defects subdivided into categories listed in the 2019 International Union of Immunological Societies (IUIS) classification (5, 6), approximately two-thirds of which were recognized in the past decade (Table 1). As evidence of dynamic development in the area, 26 additional monogenic gene defects have recently been reported and may soon be included in the IEI portfolio (8).


Table 1 | IEI categories and clinical prototypes according to the 2019 IUIS update of the phenotypical classification (6).



Early specific diagnosis of IEI patients is deeply dependent on accurate lab tests, and is pivotal for targeted therapy and appropriate patient and familial genetic counseling (2). In this context, the laboratory serves as the primary source of diagnostic information used to define the underlying immunologic defect (9). Clinically guided IEI laboratory investigations may follow three main consecutive steps: screening, advanced testing, and molecular confirmation (Table 2). Flow cytometry assays and molecular analyses are currently the most relevant methodological platforms in the area. Moreover, functional tests are critical for identifying particular IEI. Some assays are simple and disseminated worldwide, while others are only available in specific research centers, creating an obstacle for knowledge spread in the area.


Table 2 | Suggested IEI clinically guided laboratory investigation guidelines, according to three proposed main consecutive steps: screening, advanced tests, and molecular confirmation.



Despite the striking importance of laboratory data for clinical immunologists, several IEI relevant immunoassays still lack standardization, including standardized protocols, reference materials, and external quality assessment programs. Moreover, well-established reference values mostly remain to be determined, especially for early ages, when the most severe conditions manifest and diagnosis is critical for patient survival (10). Compared to biochemical tests, standardization and quality controls in immunoassays are rudimentary, partially due to the particular complexity of analytes. Immunoassays usually assess heterogeneous molecules, such as serum polyclonal antibodies, that share common characteristics, but are in fact distinct analytes with individual features.

The above-described issues reinforce the necessity of a parallel healthy control blood sample in some IEI diagnostic-driven nonfunctional immunoassays, assuming a high number of uncontrolled variables. This is particularly problematic in young patients whose blood is usually compared with adult control samples. Although challenging, tests for the identification of IEI need better standardization to improve the diagnostic accuracy. Such a hard task has precedents in other areas, such as the prothrombin activity assay, which, in the near past, was totally uncontrolled and is currently standardized within an international normalized ratio.

In this article, we will approach the issues of methodological standardization (including the definition of reference ranges) and quality control programs for nonfunctional tests used to identify IEI, focusing on those frequently utilized in clinical practice. We expect to not only contribute to critical lab result interpretation in bedside clinical evaluations, but also encourage clinical pathologists and researchers to improve the accuracy, reproducibility, and international harmonization of tests relevant to IEI diagnoses. Herein, we will focus on listing all papers addressing standardization and quality assessment programs and discussing the issues of nonfunctional immunoassays (flow cytometry, enzyme-linked immunosorbent assay, and turbidimetry/nephelometry, among others), as defined by the pure quantification of immunological critical molecules or cell subsets without the involvement of cell activation assays or cell culture-based methods.

Single-analyte quantification and flow cytometry-based assessments of the cell surface and intracellular protein expression will be considered nonfunctional tests in our paper. This category consists of both screening (e.g., immunoglobulin serum levels, specific serologies, T cell receptor excision circle quantification, etc.) and advanced tests (e.g., immunophenotyping panels, specific surface, and intracellular protein expression, among others). Cell activation and cell culture-based assays are considered “functional tests” and will not be approached here.



Study Method

A broad search of the Medline/Pubmed, Google Scholar and Scielo databases was performed using the terms “reference range”, “standardization”, “quality assessment”, “quality control” and “QAS” crossed with all captions representing each IEI subarea below: “predominantly antibody deficiencies”, “IgG/IgM/IgA serum levels”, and “B/T cell immunophenotyping”, among others. The nonsystematic review included every paper approaching any methodological standardization and quality control programs.



Regulatory Agencies and Lab Certification

Current regulation policies demand analytical validity reviews of great depth and scope for any newly developed test system prior to marketing, and, therefore, prior to use with patient specimens in the clinical diagnosis or treatment context. This process is usually performed and regulated by different national agencies (e.g., Food and Drug Administration, European Medicines Agency, Brazilian Health Regulatory Agency, etc.) hence, its validity is specific to the home country, although some nations eventually adopt foreign reviews. Safety and effectiveness assessments of the novel test system may also include the accuracy with which the test identifies, measures, or predicts the presence or absence of a clinical condition in a patient, constituting a process usually called clinical validity testing. In summary, regulatory agencies ensure that new devices intended for the diagnosis, treatment, or prevention of disease are safe and effective.

On the other hand, quality assessment programs are designed to regulate laboratories that perform testing on patient specimens to ensure accurate and reliable test results. Programs are usually based on regular routine surveys that certify participant labs with governmental or non-governmental institution approval [e.g., Clinical Laboratory Improvement Amendments (CLIA), College of American Pathologists (CAP), Brazilian Clinical Laboratory Accreditation Program, etc.]. Ultimately, the institutions assess the performance characteristics of a test to describe the quality of patient test results, including analyses of accuracy, precision, analytical sensitivity, analytical specificity, reportable range, reference interval, and any other performance characteristics required by the test system in the laboratory that intends to use it. In addition, regulatory requirements vary according to the equipment used and type of test performed: the more complex the test is to perform, the more stringent the requirements. Therefore this analytical validation is limited to the specific conditions, staff, equipment and patient population of the particular laboratory, so the findings of these laboratory-specific analytical validations are not meaningful outside of the laboratory that performed the analysis.

Thus, the two regulatory schemes described above are different in focus, scope and purpose, but they are intended to be complementary. Of note, especially in the United States, when a laboratory develops a test system such as an in-house laboratory-developed test (LDT) without receiving FDA clearance or approval, CLIA rules prohibit the release of any test results prior to laboratory establishment of certain performance characteristics related to analytical validity for the use of that test system in the laboratory’s own environment. In summary, any novel diagnostic system or device requires strictly addressing the following parameters as they apply to regulatory agency approval: accuracy, trueness, precision, reproducibility, robustness, linearity, reportable range, reference range, interfering substances, analytic sensitivity/specificity, limit of detection/quantification, and clinical sensitivity/specificity (11).



Predominantly Antibody Deficiency

Predominantly antibody deficiency (PAD) encompasses the most frequent IEI reported in numerous series worldwide (Table 1), representing 60-80% of IEI identified in adults (12). Screening tests include immunoglobulin serum levels (IgG, IgM and IgA), antibody responses to both protein and polysaccharide vaccine antigens, and total circulating mature B cell numbers (CD19+ or CD20+) (Table 2). B cell immunophenotyping and rarely ordered IgG subclass serum levels should be postponed until the second step (13, 14).


IgG (and Subclasses), IgM, and IgA Serum Levels

Serum IgG, IgA and IgM levels are the most important screening tests for the initial assessment of humoral immunodeficiencies and are usually evaluated by nephelometry or turbidimetry, which provide good correlation indices and fast and highly reproducible results for quantification in serum and other fluids (e.g., cephalospinal fluid).

Most laboratories have reference values of these parameters for all age groups, which may vary according to different ethnic groups and across countries (15) and are accredited and highly controlled by CAP. Well-established immunoglobulin and IgG subclass levels within two standard deviations (SD) of the mean in age-matched controls are considered normal. In clinical practice, two distinct scenarios must always be investigated: i) IgG levels below 400 mg/dL in school children, adolescents, or adults; and ii) serum levels clearly below the age-adjusted reference range (95% CI) in infants or small children (16). Another aspect to be considered is that serum IgG levels in the initial months of life may be masked by maternal IgG transplacental transference. Therefore, a new assessment after six months of life, by which point maternal IgG has already been degraded, is mandatory (17).

It is largely established that in selective IgA deficiency (SIgAD), which is the most common pediatric antibody deficiency with incidence rates varying between 1:143 and 1:18,500 (18), the serum concentration is always less than 7 mg/dL associated with normal serum IgG and IgM levels. As IgA only reaches adult levels later in life, and SIgAD diagnosis can only be confirmed after four years of age (19).

IgG subclass ordering has restricted utility, and is thus not a consensus for IEI diagnosis, although it can be particularly useful in SIgAD associated with recurrent sinopulmonary infections (20–39).



IgD

Serum IgD levels have usually been assessed by ELISA, with reports of a wide range among healthy individuals (0.10 to 213 μg/ml). Serum IgD concentrations have been shown to increase over childhood and decrease with age, but no normality range has been well-established for different age groups (40, 41).

IgD measurement is not usually included in a standard antibody evaluation; however, this analyte assessment is useful if there is a clinical suspicion of mevalonate kinase deficiency (MKD). In this monogenic autoinflammatory disease (MVK), serum polyclonal IgD concentrations are elevated, with a median of approximately 400 U/mL (1 U = 1.41 μg/mL). MKD is also called hyperimmunoglobulinemia D and periodic fever syndrome or hyper-IgD syndrome (HIDS), although the reason for the increased IgD concentrations and their role in pathogenesis have not yet been fully clarified (42, 43).



Total IgE

Serum IgE levels are usually assessed by ELISA or fluorescent solid-phase immunoassay, however there are no well-established serum IgE reference values for different age groups, especially for healthy infants and children (44–46). IgE serum levels between 100 and 200 kU/L (1 U/L = 2,4 ng/ml) are considered normal for healthy adults (45). Longitudinal studies in “normal” children have demonstrated that IgE levels tend to progressively increase in the first decade of life, with large variability in early first years, followed by plateauing at age 10-13 years, and decreasing slightly in the following years (44).

Allergic disorders are the most frequent cause of high IgE levels, although parasitic infestations may also be relevant conditions in tropical areas (47–49). Regarding IEI, elevated serum IgE levels are associated with several diseases, such as: i) hyper-IgE syndrome (loss-of-function STAT3 mutation); ii) Dedicator of CytoKinesis 8 (DOCK8) deficiency; iii) IPEX – Immunedysregulation Polyendocrinopathy Enteropathy X-linked syndrome (FOXP3); iv) Wiskott-Aldrich syndrome (WAS); v) Phosphoglucomutase 3 (PGM3) deficiency; vi) Comèl-Netherton syndrome (SPINK5); and vii) Loeys-Dietz syndrome (TGFBR1). Of interest, all of these conditions present severe allergic dermatitis (50–52). Elevated IgE levels also represent a characteristic finding in Omenn syndrome (RAG1, RAG2, DCLRE1C or IL7R), which is an extremely severe condition seen in some infants with severe combined immunodeficiency (SCID) (53, 54). Very high concentrations of IgE — above 1,000-2,000 kU/L at an early age — should direct attention to an IEI.

On the other hand, IgE deficiency (<2.5 kU/L), which has been considered without clinical consequences for decades, has recently been associated with higher rates and risks for the development of malignancies (55). IgE deficiency is also seen in some IEI, such as ataxia-telangiectasia (ATM), as well as in some patients with common variable immunodeficiency (CVID), SIgAD or IgG subclass deficiencies (56–58). Down syndrome patients usually present low total and specific IgE concentrations, even those presenting chronic or recurrent respiratory manifestations (59).



Postimmunization Measurement of In Vivo Specific Antibody Responses

Specific antibody responses can be evaluated by testing for spontaneous specific antibodies, such as isohemagglutinins, as well as antibodies to documented previous immunizations or infections. The vaccine antibody response reflects an individual’s ability to respond specifically to antigens contained in the vaccine. Thus, we must separately consider vaccines containing polysaccharide antigens, protein antigens and polysaccharide-conjugated-to-protein antigens, asg only the B lymphocyte response is involved in the first type and conjugated B and T cell responses are involved in the last two types. Therefore, the ability to respond to T-dependent and T-independent antigens must be investigated under suspicion of B cell deficiency. Another important topic to be considered is age, as distinct immune responses can be observed in infants, adults and elderly individuals. As a rule of thumb, adequate antibody titers to some of these vaccines in children up to 15 months old indicate a normal humoral immune response.


Protein Antigens (Tetanus Toxoid, Diphtheria Toxoid, and Measles/Mumps Serologies)

Tetanus and diphtheria toxoids are the main targets of the antibody response against protein antigens frequently used for PAD assessment. Their potent immunogenicity associated with the classic worldwide-accepted three-dose immunization program (with an acellular or cellular Bordetella pertussis component, rubeolla and tetanus toxoid) given to infants by six months of age helps explain this preference.

Tetanus and diphtheria titers above 0.1 and up to 0.2 IU/mL, respectively, are considered protective, and seroconversion rates approach 100% one month after the second or third dose (60, 61). Moreover, low levels after a vaccine booster in adult patients who have not been vaccinated for several years are expected, but children who have recently received routine immunization are expected to present a prominent response (62). Therefore, immunization records are crucial for interpreting vaccine responses.

Several other vaccine protein antigens are suitable for IEI diagnosis proposal and are shown to present well-established protective levels. Vaccination with inactivated live virus, such as hepatitis A, polio (inactive) and influenza, or recombinant antigens, such as hepatitis B, is safer and recommended for all immunocompromised patients. In contrast, vaccines with viable antigens, such as measles, mumps, polio (oral) and rubella, made with attenuated viruses require more attention with respect to adverse outcomes. Postvaccine antibody responses to measles and mumps are also commonly employed in the investigation of IEI, and levels >1.1 enzyme international units/mL (EIU/mL) are considered adequate, presenting seroconversion rates of 95-99% and 100% after the first and second doses, respectively (60). Protective levels of antibodies against protein antigens are well established and controlled by CAP. For this topic, we recommend the remarkable reviews by Bonilla et al. in 2015 and 2020 (16, 60).



Polysaccharide Antigens (Streptococcus pneumoniae)

Due to their low immunogenicity, most polysaccharide vaccines are conjugated to a protein or glycoprotein carrier to enhance antibody production. Specific T-independent antibody responses are mostly assessed after administration of a 23-valent capsular unconjugated polysaccharide vaccine, which includes the 23 most prevalent serotypes (PPV-23) (63). The response to purified polysaccharide antigens is fully developed in 2-y/o children and the diagnosis of specific polysaccharide antibody deficiency (SPAD) must be considered in patients who receive PPV-23. If a previous immunization was performed with one of the conjugated vaccines, antibody titers for the other serotypes missing from the conjugated vaccine must be necessarily assessed, as protein conjugates induce antibodies indistinguishable from those induced by purified polysaccharides (62).

Serotype-specific IgG assessment by the well-standardized World Health Organization (WHO) ELISA is currently accepted as the ‘gold standard’ for the evaluation of antibody responses to pneumococcal serotypes (64), and this procedure recommends serum absorption with C-polysaccharide antigen and serotype 22 polysaccharide to remove nonprotective or cross-reactive antibodies. WHO ELISA has been shown to correlate closely with opsonophagocytosis assays (65), which is the only functional assay type available and is strongly correlated with vaccine efficacy. However, opsonophagocytosis assays are poorly used in clinical practice, as they have not been internationally standardized (66).

Antibody response against S. pneumoniae polysaccharide assessment is based on three main features: i) specific antibody levels increased over preimmunization levels; ii) the final concentration of antibodies after immunization; and iii) the percentage of serotypes against which an arbitrarily defined antibody titer was reached (67).

The protective serotype antibody level after protein-conjugated vaccines is not the same as that after PPV-23 vaccination. Protective levels are considered to be ≥0.35 μg/mL for each serotype after administration of protein-conjugated vaccines (68). After PPV-23 vaccination, children of 2 to 5 y/o are expected to develop at least a 2-fold increase in 50% of the serotypes tested, assuming that these levels are equal to or greater than 1.3 μg/mL (69). This cutoff level is considered protective against infection when assessed by ELISA, but the corresponding cutoff in multiplex immunoassay platforms has yet to be determined (66).

The multiplex addressable laser bead immunoassay (ALBIA) allows the simultaneous assessment of serum antibodies against the 23 pneumococcal polysaccharide serotypes present in PPV-23 (70–72). FDA-approved multiplex methods emerged in most reference laboratories as easier and faster attractive alternatives to ELISA that require significantly less sample volume, which is important in the pediatric population. Nonetheless, their correlations with WHO ELISA are variable, and significant result differences are reported by various laboratories (67, 73, 74).




Isohemagglutinins

Isohemagglutinins or allohemagglutinins have been proposed as alternatives to the determination of the pneumococcal polysaccharide vaccine response, as they are clinically relevant and inexpensive indicators of the ability to mount an antipolysaccharide response (75). Isohemagglutinins comprise naturally occurring IgM and IgG anti-polysaccharide antibodies that cross react with erythrocyte surface antigens A and B, probably induced by contact with commensal gastrointestinal bacteria (76). Hence, these antibodies are usually undetected in newborns and patients with type AB blood. IgM and IgG isohemagglutinins can be ordered together or separately, and the results are semiquantitative and expressed in titers. Isohemagglutinin levels can be detected by 3-6 months of age, and 90% of adult titers are reached by 3 years of age, increasing to maximum levels between 5 and 10 years of age (77).

No cutoff values for isohemagglutinins are available. Most laboratories use a cutoff of 1/32 or 1/16. IEI specialists tend to use 1/8 for children below the age of 3 years and 1/16 for those above 3 years (78). Nevertheless, isohemagglutinins should not be used as a bona fide index of polysaccharide antibody response because different cutoff values (from 1/4 to 1/32) failed to discriminate individuals with SPAD from those with a normal Pn antibody response (78).



B Cell Immunophenotyping (Flow Cytometry)

Defects in B cell development, selection or function lead to humoral immunodeficiencies. With multiple surface marker staining, multiparametric flow cytometry can identify B cell subsets in peripheral blood, which, in turn, can be useful for PAD diagnosis. In addition, dynamic changes in the B cell compartment composition are observed during aging and may also be addressed. Studies have reported that, similar to other lymphocyte populations, total B cell counts increase by 2-fold immediately after birth, remain high until 2 years of age, and thereafter gradually decrease by approximately 6.5-fold until adulthood (79). On the other hand, age-related modifications of B cell maturation as well as clinically unvalidated immunophenotyping panels represent challenges for standardization and quality control. Moreover, accuracy differences in monoclonal antibodies and individual and populational heterogeneity may also restrict reliable studies in this field.

Since the 1990s, a plethora of studies to standardize the total circulating B cell (CD19+ or CD20+) absolute count has been conducted within a wide age range in different populations (Table 3). Notably, an Italian national multicenter study defined reference ranges for normal values of CD19+ B cells in a large cohort of 1,311 healthy adults (blood donors and volunteers chosen according to the Italian law for donor selection) (91). Despite no significant differences observed between hematology counters and cytometers, some methodological variables represented inevitable causes of variability, such as the quantity of sample, washing protocols, monoclonal antibodies and instrument brands used. Similar results were recently reported in healthy children aged 4 months to 7 years, as a Han Chinese initiative was accomplished (114).


Table 3 | Chronology of the main initiatives available in the medical literature for the standardization of total B cell circulating numbers, as rated according to the sample number, ethnicity and age range of recruited patients.



In addition, as total circulating B cell assessment was rapidly popularized in immunology diagnostic labs around the world, quality control programs were needed to determine intra- and interlaboratory coefficients of variation, standardize procedures, define the best blood tubes and anticoagulants and, therefore, ensure comparable results, which was an issue predicted by studies in the late 1980s (121–124). The first robust initiative was conducted in 1990 with 3-year interlaboratory proficiency testing for lymphocyte subset phenotyping, consisting of part of the French Etalonorme national quality control program (125). The authors concluded that calibration standards and instrument calibration procedures affect average cell counts; hence, the inclusion of lyophilized cells in each evaluation would offer a longitudinal approach for evaluating intra- and interlaboratory results. In 2000, the Belgian Scientific Institute of Public Health introduced a voluntary external quality assessment scheme for lymphocyte immunophenotyping, including CD19+ B cells, and demonstrated median intralaboratory coefficients of variation in cell percentages and absolute numbers of 3.2% and 16.5%, respectively (126). Although the topic was not discussed by the Belgian authors, one can argue that the higher absolute number intralaboratory variation observed may be caused by cell blood count variability, but this is an important bias to be solved. Later, a 10-year experience of expanded quality control study englobing all Benelux countries was published, and assay variability tended to decline with time (127). Currently, CAP offers quality management programs by sending standard samples worldwide to voluntary participating labs and monitoring progress over time.

On the other hand, studies for the standardization and quality control of circulating B cell subsets are not as widespread as those for the total B cell count. Using CD27 as a surrogate marker of human memory B cells and CD38, immunoglobulin (Ig) M and IgD as differentiation markers, B cells have been divided into five different populations according to their differentiation stage in the lymphoid organs (128): naïve B cells (CD27- IgD+); nonswitched memory B cells (CD27+ IgD+ IgM+); classical switched memory B cells (CD27+ IgD- IgM-); transitional B cells (CD38high IgMhigh); and plasma cells (CD38high IgM-). In addition, a CD21low CD38low B cell subset has been previously shown to be expanded in autoimmune diseases and immunodeficiencies (129, 130). Thus, due to its simplicity, this 5-marker immunophenotyping panel (CD27, IgM, IgD, CD38 and CD21) has been commonly used to assess peripheral B cell maturation, and some standardization initiatives have already been conducted, although no quality control proposal is available to the best of our knowledge.

Based on this panel, Piatosa et al. (131) determined reference values for B cell subsets in healthy Polish children. Simultaneously, Morbach et al. (132) also established age-dependent reference values for distinct peripheral blood B cell populations in a cohort of individuals ranging from neonates to adults using the same immunophenotyping panel. Kverneland et al. (133) and Garcia-Prat et al. (134) determined reference values in adult Caucasian individuals older than 20 years and a pediatric Spanish population under 18 years, respectively. Although similar to that used by Piatosa et al. (131) and Morbach et al. (132), the immunophenotyping panel used by Kverneland et al. (133) and Garcia-Prat et al. (134) presented slight differences, including CD38dim for class-switched and nonswitched memory B cells and CD24 expression for transitional cell and plasmablast assessment. Similarly, the EuroFlow PID group added two additional surface markers (CD5 and CD24) and conducted a comprehensive study addressing the distribution of normal B cell subsets in a wide age range: from cord blood to >80 y/o subjects (79). The EuroFlow staining strategy further subclassified memory B cells and plasma cells according to their membrane immunoglobulin isotype (IgG subclasses, IgA1 and IgA2). At first sight, these slight modifications seem innocuous; however, they are enough to impede comparison with previously cited studies.



Intracellular BTK Expression

X-linked agammaglobulinemia (XLA) is the most common form of inherited agammaglobulinemia, comprising 70% of all cases, and is caused by mutations in a pivotal protein for early pre-B cell receptor intracellular signaling: Bruton’s tyrosine kinase (BTK). As XLA patients lack B cells, the deficient expression of mutated BTK can be assessed by flow cytometry using monocytes and platelets (135). Interestingly, this method is useful for the detection of not only XLA, but also BTK-deficient female carriers (136).

Although helpful for XLA diagnosis, monoclonal antibody standardization and optimal diagnostic cutoff values of intracellular BTK expression have yet to be determined, in turn requiring a simultaneous healthy control sample in every test. In addition, to our knowledge no reference range or interlaboratory quality assessment protocols have been determined.



Defective Cell Surface CVID-Related Protein Expression

CVID is the most common symptomatic PAD in adults, and diagnosis is mainly guided by clinical history, low immunoglobulin serum levels, defective vaccine responses and typical B cell immunophenotyping results. Approximately 30% of these cases may have an underlying genetic etiology, which, in turn, can be additionally confirmed by a flow cytometry-based assessment of the causative protein. At least 27 CVID-related monogenic conditions have been identified to date. Interestingly, other cases carry variants of undetermined significance that can be validated by the same approach. Although specific CVID-causative mutated proteins represent only a fraction of all patients, some can be addressed by flow cytometry, such as TACI (137), BAFF-R (138), ICOS (139), CD19 (138), CD21 (140, 141), and ICOSL (142), among others. Nevertheless, these assays are not simple, as most require stimulation of the cells, and a few are seldom useful, for example, TACI (TNFRSF13b).

To date, we were not able to find any initiative for standardization or diagnostic accuracy assessment of such cell CVID-related surface protein expression. In addition, reference intervals and interlaboratory quality control programs for these methodologies have yet to be established. Hence, most labs recommend comparison with a simultaneously analyzed unrelated healthy control sample.




Combined Immunodeficiencies or Immunodeficiencies Affecting Cellular and Humoral Immunity

SCID comprises a group of rare, monogenic disorders characterized by a blockade of the development of lymphoid stem cells into pre-T cells, with or without abnormal B and/or natural killer (NK) cell differentiation. Recently, several molecular defects causing SCID have been identified along with many other conditions causing incomplete T cell immunodeficiencies, which, in turn, are referred to as atypical SCID or, simply, combined immunodeficiencies (CID). This group of diseases presents early clinical manifestations with a spectral history of failure to thrive, unexplained diarrhea, interstitial pneumonitis, hepatosplenomegaly, oral candidiasis and other recurrent bacterial, viral, fungal or protozoal infections. The recent strategies comprising both early newborn screening and accurate diagnosis with lab tests detailed below allowed significant improvement in the proper specialized treatment and life expectancy of these patients (143, 144).


T Cell Receptor Excision Circles

Quantification of the copy number of T cell receptor excision circles (TREC) in peripheral blood, which is usually performed by quantitative real-time polymerase chain reaction (qRT-PCR), has been shown to be an effective tool for the early identification of severe T lymphocyte deficiencies. Quantitative analysis of TREC is frequently used to: i) estimate the thymopoiesis rate in newborn screening tests for SCID (145–147); ii) assess thymus involvement in autoimmune diseases (148, 149); and iii) evaluate T cell reconstitution during acquired immunodeficiency syndrome antiretroviral therapy and after bone marrow transplantation (150–154).

The TREC quantitative assay, initially proposed by Douek et al. (152) has been modified in different ways, which hampers result comparisons among different approaches. Newborn TREC quantification, which is performed using DNA extracted from dried blood spots, is a simple, low-cost methodology and maintains sample stability, making it an ideal collection strategy (155). However, there are divergences among the different assays and units used to measure TREC, impeding interpretation and comparison among data. Values are often expressed as the absolute number of TREC molecules per μg of DNA within peripheral blood mononuclear cells or T lymphocytes or per 106 cells as an extrapolation of the recovery of 1 μg of DNA from approximately 150,000 cells (156). Another important issue is that there are no well-established age-specific reference intervals for SCID diagnosis, since most patients are infants and young children. Normally, an initial cutoff value for TREC quantification is used to determine whether a sample is within the normal range. Samples with TREC levels below the cutoff are usually sent for confirmatory tests (immunophenotyping of T cell subpopulations and genetic analyses). Each laboratory has established its own cutoff, as previous studies used a wide number of samples and advocated a screening sensitive cutoff of 25 copies/μL, below which further clinical and laboratory investigation is required (157–159). Notably, the absence of a global reference range is not an issue, but a thorough standardization process in each lab is absolutely recommended. We suggest that a single cutoff may not be as representative as local reference intervals in healthy individuals of different age groups (145, 160). Therefore, it is important to establish cutoff values for assumed positive results based on assays using a sufficient number of samples (normal and diagnosed SCID cases) prior to test implementation as part of neonatal screening programs to avoid unnecessary patient recall.



T Cell Immunophenotyping

As HIV spread worldwide in late 1980s and CD4/CD8 T cell assessment proved useful in the management of AIDS patients, innumerous studies attempted to determine the reference range of total T cells and helper/cytotoxic subsets among different populations. Table 4 summarizes the main initiatives to date to the best of our knowledge, albeit a comprehensive review of this topic would require an exclusive chapter. Simultaneously, external quality control and interlaboratory reproducibility assessment approaches were demanded during the 1990s, resulting in the organization of different national groups. One of the largest initiatives in the area was headed by the National Institute of Allergy and Infectious Diseases Division of AIDS (NIAID-DAIDS) (204), which, since 1999, has funded the Immunology Quality Assessment Program with the goal of assessing proficiency in basic lymphocyte subset immunophenotyping for each North American laboratory (205, 206). Nevertheless, other groups with similar purposes had previously succeeded not only in the United States (207) but also in Bulgary (208), Italy (209) and the United Kingdom (210). Unsurprisingly, further initiatives developed afterward in Europe (126, 127), Africa (211–213), Asia (214, 215) and South America (216).


Table 4 | Chronology of the main initiatives available in the medical literature for the standardization of circulating T cell numbers and CD4/CD8 subsets, as rated according to the sample number, ethnicity and age range of recruited patients.



The steps in T cell maturation process are regulated by a complex transcriptional network, which mediates the homing, proliferation, survival, and differentiation of developing T cells (217–219).Therefore, unique combinations of surface markers can identify different T cell subsets with distinct functions (220). In clinical practice, a CD45RA+/CD45RO+ imbalance toward memory T cells in a phenotypically suspected child may drive the diagnosis of combined immunodeficiencies. To the best of our knowledge, the first study aiming to standardize CD45RA+ T cells dates to 1992 in Spain (221). Other studies aiming to standardize the phenotyping of CD45RA+ naïve and CD45RO+ memory T cells have since been conducted in Kuwaiti Arabian (93), American (222), German (223), Italian (224), Dutch (225, 226), Brazilian (227) and Moroccan (228) healthy donors of different ages.

Although CD45RA, CD45RO, CD62L and C-C chemokine receptor 7 (CCR7) are the most common markers used for T cell maturation immunophenotyping indicated for CID diagnosis, the existence of several additional markers may result in challenging heterogeneity in laboratory reports from different services (218). Therefore, a consensus on the phenotypic definition of the various T cell subsets should be established, which will pave the way for robust standardization studies. Currently, different combinations of markers used to define such cells complicate comparability between studies and laboratories worldwide. Table 5 shows standardization studies using mainly CD45RA/CD45RO/CCR7/CD62L-derived T cell subsets and, moreover, exemplifies the striking heterogeneity of immunophenotyping panels. Qin et al. (116) and Shearer et al. (95) determined the absolute number and percentage of T cell subsets using similar markers in the largest cohorts of adult and pediatric populations, respectively. Interestingly, the authors additionally determined the frequency of activation-primed (CD28+) and activated (HLA-DR+/CD38+) helper and cytotoxic T cells.


Table 5 | Chronology of the main initiatives available in the medical literature for the standardization of circulating naïve and memory T cell subsets, as rated according to the sample number, ethnicity and age range of recruited patients.



The multicentered EuroFlow and PERISCOPE (PERtussIS COrrelates of Protection Europe) consortia recently validated a 14-color immune monitoring flow cytometric tube capable of distinguishing more than 89 CD4+ T cell populations in peripheral blood, including several maturation and differentiation stages during aging, in 145 healthy donors (231). Unfortunately, despite comprehensive charts, no specific reference range was reported. A CAP quality assessment program is available for credited labs that voluntarily accept receiving regular heparinized whole blood samples to quantify CD45RA+ naïve, recent thymic emigrant (CD45RA+ CD31+), CD45RO+ memory and terminally differentiated effector memory (CD8+ CD45RA+ CCR7-) T cells. In addition to the low number of predefined T cell subsets, this strategy is also limited due to complications of cell viability in long-distance shipment and result comparability. Finally, to the best of our knowledge, no other quality assessment proposal is available regarding a broader T cell immunophenotyping panel.



Th17 Immunophenotyping

Th17 differentiation is mainly mediated by intracellular STAT3 activation. Therefore, STAT3 loss-of-function (LOF) or gain-of-function (GOF) mutations may equally impair circulating Th17 cell numbers in autosomal dominant hyper-IgE syndrome or autoimmune disease, multisystem, infantile-onset 1 (232). Despite the apparent usefulness of assessing Th17 cell numbers by flow cytometry for diagnostic purposes, a standard immunophenotyping panel has yet to be defined. Moreover, a validated reference range for circulating Th17 cell numbers is usually unavailable, which makes running a simultaneous healthy control sample mandatory for result comparison. Botafogo et al. (231) recently analyzed 113 samples from healthy controls aged 0-89 years to establish reference values for Th17 cells defined as CD183–/CD194+/CD196+/CCR10–. According to the authors, these cell surface markers were proven accurate in identifying IL17A-producing cells. Similarly, Niu et al. (202) established distributions and reference ranges for stimulated CD4+ IL17-producing cells in 150 healthy Chinese healthy volunteers aged 20-70 years. However, we were not able to find more data regarding Th17 cell reference ranges in other populations. In addition, no quality assessment program for Th17 immunophenotyping is available.



Intracellular Wiskott-Aldrich Protein Expression

Flow cytometry-based assessment of intracellular WAS protein (WASP) is useful for screening patients suspected to have WAS or X-linked thrombocytopenia and neutropenia (233) and for following up chimerism after hematopoietic stem cell transplantation or somatic reversion mosaicism (234). Despite its use in immunology clinics worldwide, methodology standardization, diagnostic accuracy and optimal diagnostic cutoff values for flow cytometric WASP measurement are still lacking. Similarly, reference intervals and interlaboratory quality assessment programs for intracellular WASP expression have not been determined. Therefore, a simultaneous healthy control sample run is recommended to validate results (Figure 1). Recently, Rawat et al. (235) suggested a stain index ratio using the median fluorescence intensities of patients and controls and found that values lower than 0.65 for gated lymphocytes are suggestive of WAS. Regardless, a broader validation of other centers is still needed.




Figure 1 | Wiskott-Aldrich (WAS) intracellular protein expression in gated lymphocytes determined by flow cytometry. The median fluorescence intensity is significantly reduced in WAS patients carrying the truncated protein. red: unstained; blue: immunoglobulin isotype control; orange: Wiskott-Aldrich protein.





Defective Cell Surface or Intracellular SCID-Related Protein Expression

SCID diagnosis is mainly guided by clinical history, newborn TREC screening, typical T cell immunophenotyping results and potentially impaired lymphoproliferation in response to mitogens. Once a diagnosis is made, gene sequencing analyses may determine the underlying etiology, which can also be confirmed by a flow cytometry-based assessment of the defective protein. On the other hand, although approximately 2030% of those cases remain without any identifiable pathogenic mutation (236, 237), some carry variants of undetermined significance, which, in turn, can be validated by appropriate assays.

More than 50 SCID-causative molecular targets have been identified to date. Similar to specific PAD-causative proteins, some molecules are qualified to be addressed by a flow cytometric CID and SCID-driven diagnostic approaches, namely, CD132 (IL-2Rγ) (238), CD127 (IL-7Rα) (239), major histocompatibility complex I (240) and II (241), CD45 (242), CD3 chains (239), DOCK8 (243), and IKAROS (244).

Despite our lack of intention to exhaust this topic and the natural difficulty of validating a methodology for an uncommon condition with even rarer subtypes, we are not aware of available protocols for test standardization and quality assessment programs thus far. Moreover, reference intervals for defective cell surface and intracellular SCID-related protein expression are still lacking. Therefore, for the analytes discussed above, a simultaneous healthy control sample run is pivotal for comparison.



Adenosine Deaminase and Purine Nucleoside Phosphorylase Activity

Adenosine deaminase 1 (ADA-1) deficiency is an autosomal recessive disorder resulting in a heterogeneous form of combined immunodeficiency. Specific diagnosis of ADA-1 deficiency in immunodeficient patients can be achieved by enzyme activity or metabolite quantification assays of several easily available cell types, usually erythrocytes. Affected individuals have less than 1% normal ADA-1 catalytic activity in red cell hemolysates. Kinetic ADA activity assays have been extensively reproduced since their initial description (245–250), allowing companies to develop fluorometric and spectrophotometric assays. Despite commercially available standardized tests, diagnostic accuracies and reference ranges remain unestablished. This may partially explain several reports of ADA-1-deficient patients without immunodeficiency (251, 252). Of note, to the best of our knowledge, only two small uncontrolled studies have systematically determined ADA-1 erythrocyte activity in healthy controls (253, 254). No specific quality assessment program for ADA-1 erythrocyte activity has been proposed to date.

Similar to ADA-1, purine nucleoside phosphorylase (PNP) participates in the purine salvage pathway. PNP deficiency can result in a rare CID with associated syndromic features. Low PNP activity in erythrocyte lysates can be assessed by liquid chromatography-tandem mass spectrometry and enzymatic colorimetric assay (255, 256). However, to our knowledge, no study determining reference values in a healthy control population or establishing a quality assessment has been found.




Diseases of Immune Dysregulation

Approximately 30% of all monogenic IEI described thus far have a clinical phenotype predominantly resulting from a maladaptive change in molecular control leading to immune regulation breakdown, such as autoimmunity, autoinflammation, lymphoproliferation, malignancy and severe atopy, rather than infections (1). This group of disorders is rapidly growing and has been recently termed primary immune regulatory disorders (PIRD) (1, 257). Despite limited importance, routine nonfunctional immunology labs can be helpful under specific situations, as follows.


Hemophagocytic Lymphohystiocytosis

Hemophagocytic lymphohistiocytosis (HLH) is a life‐threatening hyperinflammatory disease mainly in children younger than 1 year manifested by high persistent fever, pancytopenia, hepatosplenomegaly, and elevated aminotransferase and ferritin levels (258).The cytotoxic activity of CD8+ T cells and natural killer (NK) cells is impaired in primary HLH, impeding the elimination of virus‐infected cells and instead causing continuous secretion of inflammatory cytokines, especially soluble CD25.


Soluble CD25

CD25 is strongly expressed after T cell activation. Upon activation, a 40-45-kD truncated protein is cleaved off of the 55-kD IL-2Rα membrane protein and shed into circulation as the soluble IL-2 receptor (sIL-2R or sCD25) (259). Thus, sCD25 is considered a surrogate marker of T cell activation, and elevated serum levels have been described in various diseases, including hematological malignancies (e.g., HTLV-1-associated T cell leukemia, hairy cell leukemia, acute lymphoblastic leukemia, and non-Hodgkin lymphoma), infections (e.g., human immunodeficiency virus, viral hepatitis, and Epstein-Barr virus), autoimmune conditions (e.g., rheumatoid arthritis, sarcoidosis, systemic lupus erythematosus, systemic juvenile idiopathic arthritis, Kawasaki’s disease, and autoimmune lymphoproliferative syndrome/ALPS), allograft rejection and graft−vs.−host disease after allogeneic hematopoietic stem cell transplantation (260, 261). In addition, sCD25 is also released from dendritic cells, activated B cells, monocytes, and malignant cells (260). sCD25 levels have been incorporated as one of the eight laboratory and clinical criteria for HLH diagnosis, of which five must be met for diagnosis.

The currently available methods for sCD25 assessment are ELISA, whose results are expressed as pg/mL, and chemiluminescent immunoassay (ChLIA), with results expressed as U/mL. Although these assays present good correlation, the differing units may cause confusion. The cutoff has been defined as 2400 U/mL for pediatric patients, which may correspond to approximately 20,000 pg/mL in ELISA. A similar cutoff has been defined for adults (262), although it has been described that ELISA-determined sCD25 levels are higher in children (age 1-14 years) and elderly individuals (age 67-99 years) than in adults (age 22-67) (263, 264). The normal range in adults was set as 241-846 U/mL (265).

Damoiseaux et al. (259) reported a ChLIA sCD25 cutoff of 600 U/mL, which is equivalent to an ELISA cutoff between 4200 and 4800 pg/mL. Most clinical laboratories have set ELISA cutoffs between 2500 and 3500 pg/mL, although different strategies for sCD25 serum level cutoff standardization are adopted, generally based on the mean plus two standard deviations. Repeated sCD25 serum level assessment is also helpful for treatment monitoring and prognostic risk scoring in several conditions (261).



Intracellular Protein Expression – PRF1, SAP/SH2DIA, XIAP

(266)Some forms of primary HLH present defects that can be assessed by flow cytometry (267). One of these targets is perforin, which is easily quantified by intracellular staining flow cytometry; moreover, defects in granule transport can be screened by CD107a (LAMP1) exocytosis evaluated by flow cytometry (268, 269), as well as X-linked lymphoproliferative (XLP) analysis (270, 271). Once again, despite our lack of intention to exhaust this topic and the natural difficulty of validating a methodology for an uncommon condition, to the best of our knowledge, no protocols for test standardization and quality assessment programs are available thus far.




ALPS

Autoimmune lymphoproliferative syndrome (ALPS) is a group of human disorders caused by genetic defects disrupting lymphocyte apoptosis (272). Currently, this expanding group of disorders includes prototypical autoimmune lymphoproliferative syndrome (ALPS, OMIM #601859), which is caused by defects in the FAS pathway of apoptosis (FAS, FASLG, and CASP10), and RAS-associated autoimmune leukoproliferative disorder (RALD), which is caused by somatic mutations in NRAS or KRAS. Most patients harbor pathogenic variants in the FAS gene inherited in an autosomal dominant fashion (272). Typical clinical findings include benign, chronic lymphadenopathy and splenomegaly; autoimmune cytopenias; and a high risk for lymphoma development (273). The classical laboratory hallmark of ALPS is the presence of circulating mature α/β receptor-carrying T cells that do not express CD4 or CD8 (double-negative T cells), which is a finding required for diagnosis (274). Other common laboratory manifestations include hypergammaglobulinemia, the presence of autoantibodies directed to blood cell elements, high levels of vitamin B12 and increase in soluble cytokines such as IL-10, IL-18 and soluble Fas ligand.


Double-Negative TCRα/β Circulating T Cells (DNT)

As a hallmark and required diagnostic finding in ALPS, the measurement of circulating double-negative T cells (DNT) is performed by flow cytometry (275, 276). This assay is easily conducted with a four-color instrument, and standardization requires running a panel of normal individuals to define the normal range in a particular laboratory, as is common practice for other flow cytometry assays. Gating was performed using T cell receptor (TCR) α/β, CD3, CD4 and CD8 staining. Values of CD3+ TCRαβ+ CD4− CD8− DNT cells above ≥ 1.5% of total lymphocytes or 2.5% of CD3+ lymphocytes in the setting of normal or elevated lymphocyte counts are considered abnormal, but these values may vary slightly among particular laboratories (274). Once established, the assay can undergo external quality assessment by interlaboratory exchanges, as many labs around the country perform the assay. There are no commercially available CAP controls for this measurement.



Soluble Mediators: IL-10, IL-18, Soluble FASL and Vitamin B12

The elevation of soluble cytokines and vitamin B12 was noted in ALPS patients early, particularly in those with FAS mutations (277, 278). These levels were later systematically measured in a large cohort of patients and controls and noted to have high positive and negative predictive values for the presence of FAS mutations (278). In particular, the combination of high DNT cells with elevated soluble FASL was shown to be a very potent predictor of FAS LOF mutations (278). Measurements of IL-10, IL-18 and sFASL can easily be performed by ELISA or ALBIA or similar protein immunoassays. A panel of controls should be run to define the range of normal values, and external quality assessment can be performed by interlaboratory sample exchanges.




IPEX

IPEX syndrome is a rare monogenic primary immunodeficiency caused by FOXP3 LOF mutations, which encodes a pivotal transcription factor required for the development of regulatory T cells. Treg cell absence or dysfunction are the main pathogenic events associated with early onset multiorgan autoimmunity in IPEX. We will discuss the main findings on standardization and quality assessment for circulating Treg cell numbers.


T Regulatory Cell Number

Several immunophenotyping panels have been suggested to discriminate circulating Treg cells. Despite controversies regarding the most appropriate panel, the literature has lately converged to a 4-marker panel: CD4+/CD25+/CD127low/Foxp3+. A consensus on the immunophenotyping definition based on 40 European and American experts was recently proposed and included a robust gating strategy for the context-dependent analysis of Tregs by flow cytometry (279). Later, a French initiative provided a perspective on methodological standardization and analysis using human Treg data obtained from healthy donors, transplanted patients, and, furthermore, parallel standard murine strains (C57BL/6 and BALB/c) (280). Recent studies also standardized the flow cytometry procedure for monitoring Treg cells stained with the CD4+/CD25+/CD127low/Foxp3+ panel associated with other markers (281, 282).

Regarding normal range standardization, Kim et al. (283) established reference intervals for CD4+/CD25high/Foxp3+ Treg cells in umbilical cord blood from 120 healthy neonates, highlighting that Treg cell numbers are higher in newborns, particularly in premature infants (284). Moreover, Niu et al. (202) recently determined the reference ranges of circulating Treg cells in 150 gender-balanced healthy adults of the Han Chinese population aged 20-70 years. Nevertheless, to the best of our knowledge, no additional data are available regarding Treg cell reference ranges in other populations or quality assessment programs. Therefore, a concurrent healthy control sample run is mandatory to determine whether Foxp3 expression is comparable.





Defects in Phagocytes, and Intrinsic and Innate Immunity

The main feature of the innate immune system relies upon a limited germline repertoire of alarmins and receptors for common biochemical signature detection of danger and invading pathogens. Innate immunity receptor-induced intracellular signaling and cell activation are not restricted to the immune system, but also include nonhematopoietic cells. Therefore, defects in intrinsic and innate immunity encompass a heterogeneous group of disorders with systemic susceptibility to specific categories of infectious agents, such as mycobacteria, invasive pyogenic bacteria, viruses, parasites, and fungi. On the other hand, congenital impairment of phagocytes, as the main innate immunity effector cells, is associated with a similar clinical phenotype. Some monogenic conditions encoding truncated proteins classified within these two groups of diseases may be identified by flow cytometry-based assays.


MSMD

Mendelian susceptibility to mycobacterial diseases (MSMD) is a group of approximately 30 different diseases associated with mutations in 15 genes, presenting inherited susceptibility to BCG and environmental atypical mycobacteriosis (285). The first diseases described in this group were defects in the expression of interferon-gamma alpha and beta chains (IFNGR1 and IFNGR2), followed by deficiencies in interleukin-12/23 beta 1 chain (IL12RB1) and STAT-1. Some of these diseases can be evaluated by flow cytometric expression of the molecules ex vivo or after stimulation.


Cell Surface and Cytoplasmic Protein Expression: IFNγ-R1, IFNγ-R2, IL12-RB1 and STAT-1

The first described diseases among MSMD, namely, IFNγ receptor and IL-12/23 receptor beta chain 1 deficiencies, can be easily evaluated by flow cytometry (286). IFNγ receptor alpha chain (IFNγ-R1 or CD119) can be evaluated by the expression of CD119 on monocytes, and T lymphocytes. Partial dominant negative IFNγ−R1 deficiency is usually characterized by overexpression of the receptor due to the lack of an intracellular domain region associated with impaired recycling of the molecule (287). Phosphorylated STAT-1 expression can be assessed by intracellular flow cytometry (288). Deficiency in the beta-1 chain of IL12/23 receptor (IL12RB1 or CD212) is the most common form of MSMD (289) and can be evaluated by flow cytometry after activation of T cells, somehow increasing the complexity of the evaluation and the possibility of standardization. The same approach is important to the evaluation of IL12RB2 protein expression, but this disease is very rare and has been described only recently (285). As for most of the extremely rare conditions described above, no protocols for test standardization and quality assessment programs are available to date (290).




LAD

Leukocyte adhesion deficiency (LAD) syndromes are very rare autosomal recessive diseases characterized by leukocytosis associated or not with other clinical and laboratory features (291). There are three forms of LAD, namely, LAD1, 2 and 3, with different genetics and pathophysiology (292, 293). LAD1 is associated with mutations in ITGB2, which is the gene for the beta chain of beta-2 integrins, also known as CD18, and mediates cell-cell and cell-extracellular matrix adhesion (294, 295).Therefore, LAD1 patients present leukocytosis with neutrophilia associated with recurrent bacterial infections and impaired pus formation and wound healing (296). LAD2 is associated with the mutation of SLC35C1, which is a gene encoding a GDP-fucose transmembrane transporter (FucT1). It is characterized by leukocyte adhesion defects associated with severe mental and growth retardation. LAD2 is also known as a congenital disorder of glycosylation type IIc (297). LAD3 is caused by mutations in the FERMT3 (or KINDLIN3) gene, presenting a leukocyte adhesion defect with delayed umbilical cord detaching, omphalitis, severe bacterial infections, and delayed wound healing and associated with bleeding tendency with normal platelet numbers (298).


Cell Surface Protein Expression: CD18, CD11a/CD11b/CD11c, CD15

Screening of leukocyte adhesion defects can be performed by simple flow cytometry techniques (299). CD18 is present in all lineages of nucleated hematopoietic cells, and its absence is typical of LAD1. LAD2 can be diagnosed by the presence of the Bombay phenotype due to the absence of the H antigen in red blood cells, therefore applying to blood types A, B, AB and O. Another characteristic is the absence of CD15s (sialyl-Lewis Ag) in flow cytometry. Finally, LAD3 can be screened by the absence of beta-1 and beta-2 integrins in flow cytometry of platelets and phagocytes. However, to our knowledge, none of these methodologies are standardized or have any quality assessment programs available.





Conclusions

Standardization and quality assessment programs are pivotal for immunology diagnostic tests, especially those targeting “lab-dependent” identification of disorders routinely assessed by IEI-specialized clinical immunologists. Nonfunctional tests are generally a good alternative for relatively low-cost, quick and definitive diagnoses. Despite the rich literature describing anecdotal cases or series reports for each specific assay shown in this manuscript, unfortunately, most lack robust methodological and populational standardization. Table 6 summarizes all nonfunctional immunoassays herein listed and stratifies them according to the presence or absence of standardization and quality assessment initiatives. The popularization and reliability of nonfunctional immunoassays should be enhanced by multicenter collaborative studies addressing methodological standardization and the establishment of reference ranges and quality assessment programs.


Table 6 | Quality and standardization control stratification of inborn errors of immunity (IEI) assessment nonfunctional immunoassays.
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Angioedema is a prevailing symptom in different diseases, frequently occurring in the presence of urticaria. Recurrent angioedema without urticaria (AE) can be hereditary (HAE) and acquired (AAE), and several subtypes can be distinguished, although clinical presentation is quite similar in some of them. They present with subcutaneous and mucosal swellings, affecting extremities, face, genitals, bowels, and upper airways. AE is commonly misdiagnosed due to restricted access and availability of appropriate laboratorial tests. HAE with C1 inhibitor defect is associated with quantitative and/or functional deficiency. Although bradykinin-mediated disease results mainly from disturbance in the kallikrein–kinin system, traditionally complement evaluation has been used for diagnosis. Diagnosis is established by nephelometry, turbidimetry, or radial immunodiffusion for quantitative measurement of C1 inhibitor, and chromogenic assay or ELISA has been used for functional C1-INH analysis. Wrong handling of the samples can lead to misdiagnosis and, consequently, mistaken inappropriate approaches. Dried blood spot (DBS) tests have been used for decades in newborn screening for certain metabolic diseases, and there has been growing interest in their use for other congenital conditions. Recently, DBS is now proposed as an efficient tool to diagnose HAE with C1 inhibitor deficiency, and its use would improve the access to outbound areas and family members. Regarding HAE with normal C1 inhibitor, complement assays’ results are normal and the genetic sequencing of target genes, such as exon 9 of F12 and PLG, is the only available method. New methods to measure cleaved high-molecular-weight kininogen and activated plasma kallikrein have emerged as potential biochemical tests to identify bradykinin-mediated angioedema. Validated biomarkers of kallikrein–kinin system activation could be helpful in differentiating mechanisms of angioedema. Our aim is to focus on the capability to differentiate histaminergic AE from bradykinin-mediated AE. In addition, we will describe the challenges developing specific tests like direct bradykinin measurements. The need for quality tests to improve the diagnosis is well represented by the variability of results in functional assays.
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Introduction

Angioedema is a prevailing symptom in different diseases, frequently occurring in the presence of urticaria (1). Recurrent angioedema without urticaria (AE) is considered as a distinct pathology with hereditary (HAE) and acquired (AAE) causes, and several subtypes can be distinguished, although clinical presentation is quite similar in most of them (2). Although the first descriptions of HAE appeared as early as in the XVIII century (3), the first cause of the disease was only identified in 1963 (4) as the deficiency of the inhibitor of C1 esterase (C1-INH) in plasma (HAE-C1-INH) (OMIM #106100), initiating a new era of the complement biochemical analysis in HAE patients, establishing low C1-INH and low C4 plasma levels as biomarkers of HAE-C1-INH (5).

HAE with normal C1-INH (HAE-nlC1-INH) (OMIM #610618) was recognized as a distinct HAE type in 2000 by exclusively affecting female patients and by a relationship between severe outcomes and estrogen (6, 7). Six years later, specific mutations in factor XII gene (F12) emerged as the first biomarkers for a new subtype of HAE-nlC1-INH, the HAE-F12, caused by mutations affecting a highly glycosylated region of factor XII encoded by the exon 9 of F12 (8–10). Regarding the main molecular mechanism leading to HAE-C1-INH and HAE-F12, both culminate in an increased production of the vasoactive peptide bradykinin due to the lack of the kallikrein–kinin system inhibition by C1-INH (11) or due to a facilitated activation of mutated factor XII (10, 12), respectively.

Although a causative mutation cannot be found in a considerable number of patients with HAE-nlC1-INH, new variants have been recently described in new genes and associated as disease causing, such as the change p.Ala119Ser in angiopoietin 1 gene (ANGPT1) (13), p.Lys330Glu in plasminogen (PLG) (14), p.Met379Lys in kininogen (KNG1) (15), p.Arg217Ser in myoferlin (MYOF) (16), and p.Thr144Ser in heparan sulfate 3-O-sulfotransferase 6 gene (HS3ST6) (Bork et al, 2021) (17). The new mutations not only imply novel mechanisms and systems involved in the pathogenesis of HAE, but also open possibility for new biomarkers and treatment targets.

Idiopathic histaminergic acquired angioedema (AAE-IH) is the most common subtype of AE; the patients are responsive to antihistamines and the etiology is usually unknown (18, 19). These patients probably do not share the main involvement of bradykinin, as well as a smaller group of patients with AAE idiopathic non-antihistaminergic (AAE-InH) (20). An ultra-rare group of patients presents with acquired C1-INH deficiency (AAE-C1-INH) (21, 22). Another rare form of AAE is the angioedema exclusively induced by angiotensin-converting enzyme (ACE) inhibitors (AAE-ACEi), which affects less than 1% of patients taking this class of drug (23).



Subtypes of Angioedema From a Biochemical Point of View

To differentiate between the many known subtypes of angioedema, specific complement tests need to be performed, which can distinguish between angioedema with or without C1-inhibitor deficiency.


Hereditary Angioedema due to C1-Inhibitor Deficiency

The diagnosis of the most studied AE subtype, the HAE-C1-INH, can be established most precisely in case the following tests are performed: C1-INH function measurement, the antigenic level of the C1-INH protein, C4 and C1q concentration, as well as titers of anti-C1-INH antibodies (Table 1) (24).


Table 1 | The complement laboratory diagnosis of angioedema subtypes.



Parallel measurement of the function and the antigenic C1-INH level are mandatory to differentiate between HAE-C1-INH type I and type II. In HAE type I, C1-INH concentration and function are low, usually less than 50% of the normal level, as no protein is secreted from the mutated allele (24). On the other hand, HAE-C1-INH type II is characterized by normal or even elevated C1-INH serum levels, along with decreased function of C1-INH, due to the presence of detectable, but non-functional mutant C1-INH (25).

In both types of HAE-C1-INH, the early steps of the complement classical pathway are underregulated, which leads to a more pronounced complement activation (as shown by reduced total classical complement function) and consumption of early complement components (as indicated by low C4 levels). Remarkably, C1-INH measurement is the gold standard for the diagnosis of angioedema subtypes (1, 2), as C4 concentration is often low in systemic autoimmune diseases, such as systemic lupus erythematosus (26).



Angioedema with Acquired C1-Inhibitor Deficiency

Acquired angioedema with C1-inhibitor deficiency (AAE-C1-INH) is also characterized by decreased C1-INH and C4 levels, as well as by altered C1-INH function, but it is accompanied by decreased levels of C1q and, in a large percent of cases, the presence of anti-C1-INH antibodies. However, there are cases in which C1q levels are normal (21, 27–29). AAE-C1-INH is more rare, with an incidence of 1 for 8.8 patients with HAE-C1INH (21). When further classifying this disease, two types were distinguished. In AAE-C1-INH type I, it was reported that a monoclonal component either of unknown significance or due to a myeloma that had C1-inhibitor-binding ability (generated by lymphoproliferative onco-hematologic or immunoregulatory disorders) consumes the C1 complement complex including C1q and C1-INH. In about two-thirds of AAE-C1-INH patients, anti-C1-INH antibodies (IgM, IgG, or IgA type) can be detected (30). The AAE-C1-INH due to anti-C1-INH antibodies was initially called autoimmune or type II AAE-C1-INH (31). Long-term follow-up of patients with AAE-C1-INH type II reveals that lymphoproliferative disease might develop later (21, 29). Therefore, these two types of AAE-C1-INH may overlap (31). The characteristic patterns of complement measurements are detailed in Table 1.



Acquired Angioedema Related to Angiotensin-Converting Enzyme Inhibitors

AAE-ACEI is caused by elevated concentration of bradykinin, as the main enzyme responsible for its breakdown, the ACE, is inhibited. As no specific laboratory test is available for the identification of AAE-ACEI, this disorder can be diagnosed only by excluding other types of bradykinin-mediated angioedema (32, 33), when the complement tests are performed at the discontinuation of ACE inhibitors (Table 1) (32, 34). Furthermore, other vasoactive peptides degraded by ACE could be involved in AAE-ACEI (34).



Idiopathic Non-Histaminergic Acquired Angioedema

The exact background and the molecular pathogenesis of AAE-InH are unknown. Similar to AAE-ACEI, the diagnosis of AAE-InH is based on excluding other disorders (Table 1), as well as on ascertaining that the edematous symptoms do not respond to the standard therapy with antihistamines and the family history is negative (35).



Idiopathic Histaminergic Acquired Angioedema

AAE-IH is a mast cell and histamine-dependent, in which patients respond to short-term steroid, and it may be distinguishable from the angioedema associated with chronic spontaneous urticaria by the relative absence of IgG antibody to the IgE receptor or with IgG anti-IgE (35).



Hereditary Angioedema With Normal C1-INH Function

The background of HAE-nlC1-INH is rather diverse as mutations of several genes (F12, PLG, ANGPT1, KNG1, MYOF, and HS3ST6) may lead to the different subtypes (32, 36). Therefore, complement testing should be performed in order to exclude C1-INH deficiency itself (Table 1), but there is no specific biochemical method for the exact diagnosis of HAE-nlC1-INH. Furthermore, the etiology of this disorder is unknown in a large percent of cases (32).




Preanalytical Issues of Complement Laboratory Methods

The complex laboratory diagnosis of HAE-C1-INH requires a wide range of complement tests, which can be performed from different types of good-quality blood samples (37). Good quality means that after clotting (about 20–120 min), the serum must be separated by centrifugation as soon as possible and stored under controlled conditions.

The separated serum/plasma can be shipped (1) at room temperature for a maximum of 4 h or (2) frozen in case of longer transportation. Native serum properly prepared may be used for determining the concentration of C1q, C1-INH, C4, and anti-C1-INH antibodies, as well as for measuring the function of the complement pathways or the function of C1-INH. Besides the native serum, citrated plasma may be collected as well in order to analyze functional C1-INH levels: for this purpose, citrated blood should be centrifuged as soon as possible to separate platelet-free plasma. In case complement testing cannot be performed on the day of blood sampling, the serum and plasma samples must be stored in a deep freezer (−20°C) for up to 3 months or in an ultra-deep freezer (−70°C) for a longer storage until analysis. As functional tests are extremely sensitive, multiple freeze–thawing cycles should be avoided, by preparing several aliquots of each sample (37). In 2020, the utilization of the less invasive dried blood spot (DBS)-based assays has been introduced in the diagnosis of HAE-C1-INH, as a new study reported that enzyme activities can be retained in DBS samples as well (38). Its further advantage is that DBS samples may be transported and kept at ambient temperature without markedly affecting the sample’s quality.



Available Biochemical Tests to Differentiate Subtypes


Analyzing the Function of C1-INH

C1-INH function measurement is indispensable for a biological diagnostic of C1-INH deficiency. The distinction between type I and type II is achieved with a demonstration of the presence of an abnormal, non-functional protein (1, 2).

Based on their working principles, two types of commercially available tests are routinely used in the diagnostics and both work with the addition of surplus C1s to the citrate-anticoagulated plasma sample to be tested (39). These approaches are sensitive, as C1-INH is the exclusive inhibitor of C1r and C1s, in contrast with further serine proteases (kallikrein, factor XII, factor XI, MASP-1, MASP-2, plasmin, and thrombin) that are all regulated by C1-INH and other inhibitors. One of the methods detects the formed stable complexes between C1s and C1-INH, where avidin-labeled active C1s is added to the sample in surplus quantities. The avidin-labeled C1s enables the C1s–C1-INH complex to bind to the ELISA plate covered with streptavidin peroxidase, and finally, the bound complexes are detected with anti-C1-INH antibody. In case of the colorimetric method, the function of free (not bound to C1-INH) active C1s is monitored during a kinetic or endpoint assay, and a substrate is used that produces a color change (40, 41). The chromogenic assay is recommended for C1-INH function, while the discriminatory power between healthy and affected individuals using the complex ELISA may not be fully satisfactory for reliable C1-INH measurements (40, 41).

Further tests have been proposed for the determination of functional C1-INH concentration: as a first step, the functional C1-INH of the sample is pre-incubated with labeled kallikrein or with active factor XII. Thereafter, anti-C1-INH antibody is added to detect the C1-INH/enzyme complexes bound to the streptavidin-covered ELISA plate (42). Another test includes the purified form of contact-phase proteases and uses a synthetic substrate to measure the amidase activity not inhibited by C1-INH. In this method, the plasma samples are pre-incubated with a mix of protease inhibitors to block elevated kininogenase activity (43).

Most recently, a novel method has been introduced that enables measuring functional C1-INH activity in DBS samples: in detail, this approach analyzes the inhibitory activity on C1s by functional C1-INH present in the DBS sample using liquid chromatography-tandem mass spectrometry (LC-MS/MS) quantitation (38).



Measuring C1-INH and C4 Concentrations

Serum concentrations of C1-INH or C4 are usually measured by using nephelometry/turbidimetry, radial immunodiffusion, and enzyme-linked immunosorbent assay (ELISA) using specific antibodies. When considering the differential diagnosis of angioedema subtypes, C1-INH and C4 concentrations should be considered always parallel with C1-INH function (1, 2, 44). Most recently, a novel and robust multiplexed assay was described that is capable to simultaneously analyze C1-INH, C1q, and C4 concentrations in DBS samples of HAE patients (38). In this approach, the blood proteins were extracted from tiny punches of DBS samples and were subsequently digested by trypsin. Finally, the signature peptide derived from C1-INH, C1q, or C4 is quantified by LC-MS/MS (45).



Measurement of Anti-C1-INH Antibodies

ELISA plates covered with purified C1-INH are used for measuring anti-C1-INH antibodies, where the unbound antibodies from the patient sample are detected with different anti-human immunoglobulins, to show the presence of IgM-, IgG-, or IgA-type antibodies separately (46, 47). A few semiquantitative, ELISA-based methods have been introduced for analyzing the antibodies’ inhibitory effect on C1-INH (46, 48, 49), but these tests are not available commercially. Remarkably, the binding strength of the antibodies mostly determines the antibodies’ inactivating effect exerted on C1-INH, as well as the specific binding site on the C1-INH molecule (47, 50).




Complement Determinations in Neonates and in Childhood

Diagnostic analysis of complement components and activities raises several issues considering the first year of life. Significantly lower classical pathway function (59% of the adult values) and decreased C4 concentration (64% of the adult values) were observed in full-term newborns, with even lower C4 in preterm neonates (40% of adult levels) (51). When considering the measurement of C1-INH from cord blood, its concentration was about 50%–60% of that observed in healthy subjects (52–54).

Furthermore, remarkable changes are also observed when determining the classical pathway’s function, as well as the C4 and C1-INH concentrations in subsequent cord blood samples of newborns and in samples of infants (55). Based on these data, we suggest performing repeated complement measurements with at least two consistent results before establishing the final diagnosis (the second test should be made after 1 year of age). These may be complemented with genetic analysis in those cases, where causative mutations could be identified in SERPING1 in the family (55).



Challenges Faced to Reach Diagnosis

Although an intensive effort has been done in the last years towards a rapid and precise diagnosis, misdiagnosis before being identified as having HAE-C1-INH has been reported (56). Allergic angioedema and appendicitis are the most frequent causes related to subcutaneous and submucosal edema, respectively (56). The delay on diagnosis is still a burden for HAE patients (57, 58). These findings suggest that additional investment must be done to improve the awareness of HAE.

Regarding laboratory diagnosis, complement is still the focus to select the affected patients instead of performing tests, which include kinin–bradykinin system. In both cases, sample collection and adequate manipulation represent a barrier for the diagnosis (55). Children could be truly identified as affected by HAE only after the first year of life if biochemical tests are used (50, 51). Genetics does not solve all the cases as well considering that sequencing could miss some mutations and not all HAE-nlC1-INH variants were identified, but it can be differential in some cases (32). For F12 variant carriers and during the pregnancy, observations of C1-INH decrease are not uncommon, mimicking a HAE-C1-INH situation.



Perspectives of Tests for Bradykinin-Mediated Angioedema

A challenge step into the correct diagnosis of AE (especially in AE with normal C1-INH) is to distinguish if the swelling episodes are histamine- or bradykinin-mediated (59). Bradykinin is a vasodilator nonapeptide released from domain 4 of high-molecular-weight kininogen (HK) by plasma kallikrein hydrolytic activity. The estimated half-life of free bradykinin in plasma is shorter than 30 s (60, 61), which makes its measurement very challenging, hampering the determination of a bradykinin-mediated angioedema by the measurement of the peptide released in human plasma (62). In this context, the measurement of cleaved HK can be an alternative to identify an excessive release of bradykinin as the cause of HAE.

However, it is still not clear if the basal levels of free bradykinin/cleaved HK are high enough to distinguish between bradykinin-mediated and non-bradykinin-mediated HAE patients out of crises. Suffritti et al. (2014) analyzed by immunoblotting the profile of HK in the plasma of HAE-C1-INH patients and found a clear increase in the bands corresponding to cleaved HK (107- and 98-kD bands indicated by the authors) in samples collected during attacks (63). Although the authors report a percentual increase in the cleaved HK, HAE-C1-INH patient’s samples collected during remission showed a similar profile compared to the plasma of controls (major band around 130 kD and a faint band around 107 kD), jeopardizing the use of immunoblotting analysis for samples collected out of attacks (63). In contrast, another study where the HK cleavage was estimated by the abundance of cleaved HK species (corresponding to L chain), bands of 56-kDa and 45-kDa species were found in samples collected during attacks (64). They reported none or very low amounts of native HK in the plasma of HAE-C1-INH patients and observed a significant difference in the amounts of native and cleaved HK between controls and HAE-nlC1-INH samples, with an additional significant difference between men and women (64). Importantly, immunoblotting technique for quantitative analysis requires many quality controls checks such as validation of the integrity of the sample, the specificity of antibodies, linearity of sample loading, and densitometry analysis (65, 66). Although both mentioned studies (63, 64) collected the blood samples in citrate tubes, there is a notable difference in the manipulation of samples regarding the time between collection and centrifugation of the plasma. In the Baroso et al. (64) study, the citrated blood samples were shipped at room temperature (20–25°C) within 2 days before being centrifuged, whereas Suffritti et al. (63) collected the blood in citrate tubes containing a protease inhibitor cocktail and centrifuged the samples within 1 h. Therefore, the diagnosis of bradykinin-mediated angioedema based on the use of HK immunoblotting still lacks a consensual standardization.

An interesting alternative for the measurement of cleaved HK is the use of LC-MS to specifically detect the 46-kD fragment corresponding to the HK low chain (final product of plasma kallikrein hydrolysis) (64). The measurement of cleaved HK by LC-MS is an interesting strategy, since it eliminates the variables related to the variation of the antibodies used in immunoblotting, as well as sample loading and quantitation variables. Preliminary results showed a potential capacity of LC-MS to distinguish between controls and HAE-C1-INH plasma by measuring the 46-kD low chain of cleaved HK (64).

Another proposed approach to address bradykinin-mediated angioedema is the analysis of spontaneous amidase activity in plasma. The measurement of spontaneous amidase activity refers to the ability of different serine proteases, such as plasma kallikrein, factor XII, plasmin, and tissue plasminogen activator to hydrolyze specific synthetic peptides in vitro (usually HD-Pro-Phe-Arg-pNA or Z-Phe-Arg-AMC-HCl), and it is frequently used to evaluate the activation of the kallikrein–kinin system (65–67). Since most of the serine proteases circulate as zymogens in plasma, the activation of the proenzymes of the kallikrein–kinin system can be achieved by the addition of negatively charged molecules such as dextran sulfate. Joseph et al. (2013) demonstrated a spontaneous production of plasma kallikrein in virtually all HAE-C1-INH patients as well as in diluted normal plasma, in a stoichiometric mechanism of prekallikrein activation independent of factor XII (68).

In another study, a significant increased spontaneous amidase activity was also observed in the citrated plasma of patients with HAE-C1-INH and AAE-C1-INH compared to controls. Although significantly higher when compared to the controls, the spontaneous amidase activity of HAE-nlC1-INH patients was quite lower compared to HAE-C1-INH (69). In addition, it was reported that the use of oral contraceptives containing estrogen may increase the spontaneous amidase activity for some HAE-nlC1-INH patients (69).

Another study subsequently published showed a similar response for HAE-C1-INH during remission and attacks (63), but the difference found was not enough to establish a normal range and a threshold for a normal/high spontaneous amidase activity. In this study, the measurement of the plasma capacity to inhibit exogenous plasma kallikrein showed a better capacity to distinguish between controls and HAE-C1-INH patient’s samples during remission and attacks (63). Another approach involving the activation of the kallikrein–kinin system proposes that a specific dose of 2.5 μg/ml dextran sulfate is enough to stimulate a maximal amidase activity able to discriminate the plasma from bradykinin-mediated angioedema patients from controls and non-bradykinin mediated, while lower doses were able to stimulate only HAE-C1-INH plasmas (70). The stimulated amidase activity efficiently distinguished samples from HAE-C1-INH, HAE-nlC1-INH, and AAE-InH patients from controls and histaminergic patients, whereas the spontaneous amidase activity was only significantly higher in the HAE-C1-INH group (63). Noteworthy, the plasma samples used in the dextran sulfate-stimulated amidase activity were collected in EDTA tubes and centrifuged and frozen within 15 min (70).

A commercial test based on the spontaneous amidase activity and the proenzyme activatability (69) reports a sensitivity of 80%–81% and specificity of 91%–100% for general bradykinin-mediated angioedema and a sensitivity of 74%–75% and a specificity of 91%–99% for angioedema with normal C1-INH (Kininogenase kit, KininX SAS).

The degradation profile of the serum glycoprotein 120 (sgp120) by incubation with plasma showed a linear correlation with the spontaneous amidase activity in samples of HAE-C1-INH patients (71). When incubated at 4°C in plastic tubes, HAE-C1-INH plasma was clearly able to cleave sgp120, while control plasmas did not cleave sgp120 after 12 h of incubation. However, not all the HAE-nlC1-INH plasma samples were able to cleave the sgp120 at the same conditions, including HAE-F12 and HAE-PLG samples (71).



Take Home Messages

	Biochemical assays evaluating complement activation are the recommended tests for HAE diagnosis yet.

	Manipulation of the samples represents a critical step for HAE diagnosis.

	Genetic variants are not identified in every patient, but may be differential in HAE-nlC1-INH diagnosis.

	Kinin–bradykinin assays could improve the knowledge of pathomechanisms involved in HAE.
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Introduction

The indirect immunofluorescence assay on HEp-2 cells (HEp-2/IFA) is used worldwide for screening for autoantibodies to cellular antigens. Cell culture and fixation methods influence the cell distribution of autoantigens and the preservation of epitopes. Therefore, discrepancy of results obtained using different HEp-2/IFA kits (interkit nonreproducibility) is a common phenomenon in the clinical laboratory routine.



Objective

This study evaluated the interkit nonreproducibility of HEp-2/IFA results using samples from patients with systemic autoimmune disease (SAD), nonautoimmune diseases (NAD), and healthy blood donors (HBD).



Methods

Serum from 275 SAD patients, 293 NAD patients, and 300 HBD were processed at 1:80 dilution using four HEp-2 kits according to the manufacturers’ instructions. Interkit reproducibility was determined for positive/negative results and patterns. The agreement of positive/negative results among kits for each sample was determined as the reactivity agreement score (RAS). The pattern reproducibility score (PRS) in each sample was calculated as a function of the number of kits showing equivalent patterns. Qualitative variables and ordinal variables were analyzed by the Chi-square and Mann-Whitney U tests, respectively.



Results

A total of 402 samples were nonreactive in all kits and were considered devoid of autoantibodies. Further analysis included the 466 reactive samples (238 SAD, 119 NAD, 109 HBD). Reactivity to the nucleus had the highest interkit reproducibility (RAS = 83.6), followed by the metaphase plate (RAS = 78.9), cytoplasm (RAS = 77.4), and nucleolus (RAS = 72.4). Interkit reproducibility was higher in SAD (RAS = 78.0) than in NAD (RAS = 70.6) and HBD (RAS = 71.3) groups. Samples with strong reactivity (++++/4 and +++/4) had higher interkit reproducibility than those with weak reactivity (+/4). In the SAD group, RAS for nuclear reactivity was 87.5% for strongly reactive samples as opposed to 4.4% for weakly reactive samples, and the same was observed for NAD and HBD samples. The most robust patterns were the centromere AC-3 (PRS = 78.4), multiple nuclear dots AC-6 (PRS = 73.6), nuclear coarse speckled AC-5 (PRS = 71.3), nuclear homogeneous AC-1 (PRS = 67.9), and the reticular cytoplasmic AC-21 (PRS = 68.6).



Conclusion

Interkit nonreproducibility in HEp-2/IFA is prevalent and occurs with the highest frequency with weakly reactive samples. International initiatives with the engagement of in vitro diagnostic industry are encouraged to promote the harmonization of the properties and performance of HEp-2/IFA commercial kits.





Keywords: autoantibody, antinuclear antibodies, immunofluorescence, HEp-2 cells, autoimmune diseases



Introduction

The indirect immunofluorescence assay on HEp-2 cells (HEp-2-IFA) is the most frequently used method for screening for the presence of a vast array of autoantibodies and was considered the gold standard by a task force commissioned by the American College of Rheumatology (1, 2). The titer of the HEp-2-IFA indicates the relative autoantibody concentration and tends to be higher in patients with systemic autoimmune diseases (SAD) than in nonautoimmune NAD patients and normal individuals with a positive HEp-2-IFA test (3, 4). The immunofluorescence (IF) pattern of the HEp-2-IFA test provides hints for the autoantibody specificities present in the sample (5–10), as it reflects the characteristic topographic distribution of the target antigens along the successive stages of the cell cycle. The HEp-2-IFA patterns hold added clinical value because they indicate autoantibody specificities with clinical relevance (8, 11–15). The homogeneous nuclear pattern (AC-1), for example, suggests the presence of autoantibodies against double-stranded DNA and antinucleosome, which are specific biomarkers of systemic lupus erythematosus (SLE) (16, 17). The centromere nuclear pattern (AC-3) is associated with autoantibodies to the centromere proteins CENP-A, CENP-B, and CENP-C, which are biomarkers of systemic sclerosis and primary biliary cholangitis (18). In contrast, the dense fine speckled nuclear pattern (AC-2) is most frequently observed in healthy individuals and NAD patients but rarely in SAD patients (3, 4, 10, 19). Considering the substantial fraction of the general population with a positive HEp-2-IFA test (20–27), the judicious interpretation of HEp-2-IFA patterns can contribute in the clinical evaluation of a positive test. The recognition of the importance of pattern definition in the HEp-2-IFA test triggered the establishment of standardization recommendations by national expert groups (5–8). In 2014, an international group of specialists launched the International Consensus on ANA Patterns initiative (ICAP), dedicated to standardizing the nomenclature and the clinical relevance of HEp-2-IFA patterns (9, 10). The ICAP website www.anapatterns.org displays the classification algorithm including 30 patterns with their respective alphanumeric AC (anticellular) codes, correspondent images, possible target antigens, and clinical relevance (9, 10).

The HEp-2-IFA method has limitations and disadvantages, including subjectivity and dependence on expert analysis of images. One underestimated problem of the HEp-2-IFA method is that some samples produce different results, including different titer and IF patterns, in different kit brands. The interkit nonreproducibility of HEp-2-IFA results is a common phenomenon in the routine of clinical laboratories (Figure 1). This scenario may affect the clinical care of patients under investigation of autoimmune diseases. Moreover, the lack of standardization of the methods for culture, permeabilization, and fixation of HEp-2 cells in commercial slides contributes to decreasing the reproducibility of results using different kits and threatens the efforts for harmonization of results between different laboratories. The interkit nonreproducibility phenomenon of the HEp-2-IFA test has been studied previously. Copple et al. compared five HEp-2-IFA kits (28), using samples from 160 patients with assorted SAD, 100 samples from the laboratory routine operation, 100 healthy blood donors (HBD) samples, and 12 reference samples from the Autoantibody Standardization Committee (29). They demonstrated that the interkit nonreproducibility phenomenon varied according to the clinical nature of the samples, with higher reproducibility for samples from HBD and rheumatoid arthritis patients, and lower for scleroderma samples. In addition, they showed that some samples displayed striking divergence in titer. For example, one sample had titers 1/80, 1/320, 1/640, 1/1280, and 1/2560 with the five kits, respectively; four samples were negative with one kit and yielded titers from 1/80 to 1/320 with the other brands (28).




Figure 1 | Interkit nonreproducibility of the HEp-2-IFA test. Representative serum samples from the laboratory routine operation diluted 1/160 and processed in different HEp-2-IFA kits according to the manufacturer’s instructions. (A, A’) Serum #1; (B, B’) serum #2; (C, C’) serum #3.



Dellavance et al. compared eight HEp-2-IFA kits using 17 samples with well-defined IF patterns, including nuclear patterns (homogeneous/AC-1, dense fine speckled/AC-2, centromere/AC-3, coarse speckled/AC-5, multiple nuclear dots/AC-6, PCNA-like/AC-13, CENP-F-like/AC-14, nuclear matrix-like coarse speckled, quasi-homogeneous, and fine speckled with rare nuclear dots-AC-4/AC-7), nucleolar patterns (homogeneous/C-8, clumpy/AC-9, and punctate/AC-10), cytoplasmic patterns (fine speckled/AC-20 and dense fine speckled/AC-19), and mitotic apparatus patterns (NuMA-like/AC-26 and mitotic fuse/AC-25 (30) The samples were processed and analyzed blindly in three independent expert laboratories. The results show that some patterns (AC-1, AC-2, AC-3, AC-7, AC-8, AC-9, AC-10, AC-19, and nuclear quasi-homogeneous) were rather robust in that they were appropriately identified with all kits and in at least two of the three participating laboratories. Some patterns (AC-5, AC-4/AC-7, AC-25, and AC-26) were identified appropriately using all but one kit. Finally, three patterns (AC-13, AC-14, and AC-20) were rather vulnerable as they could be identified appropriately in a minority of the kits in the three laboratories (30). Relevant heterogeneity in results has been also documented when comparing results obtained with different HEp-2 cell kits read in the microscope by expert analysts and also when comparing results obtained by human reading and computer-aided automated readers (31).

The present study provides an in-depth and objective analysis of the phenomenon of interkit nonreproducibility of HEp-2-IFA by establishing semiquantitative reproducibility scores and addressing how this phenomenon varies according to the clinical nature of the sample, the cell compartment stained, the type of HEp-2-IFA pattern, and the intensity of IF reactivity.



Materials and Methods


Clinical Samples and HEp-2-IFA Processing

Serum samples from 868 sequential individuals were obtained, including 275 patients with systemic autoimmune disease (SAD), 293 patients with nonautoimmune diseases (NAD), and 300 samples from healthy blood donors (HBD). All subjects provided informed consent and the study was approved by the institutional Ethics Committee at Universidade Federal de Sao Paulo (Protocol #945.320). The SAD group comprised patients with systemic lupus erythematosus (SLE; n = 161), systemic sclerosis (SSc; n = 28), primary Sjögren syndrome (SjS; n = 13), primary biliary cholangitis (PBC; n = 30), and autoimmune hepatitis (N = 43). All patients met the respective classification or diagnostic criteria (32–36). The NAD group was formed by patients with systemic arterial hypertension (n = 74), psychiatric diseases, mainly schizophrenia and bipolar disease (n = 75), various cancer malignancies (n = 70), and hepatitis C (n = 74).

Samples were processed at 1:80 dilution using four HEp-2-IFA kits according to the instructions of the respective manufacturers: Aesku Diagnostics (Oakland, USA), Bion (MBL Bion, Des Plaines, USA), Hemagen (Hemagen Diagnostics, Inc., Columbia, USA), and Inova (Inova Diagnostics, Inc., San Diego, USA). All kits were approved by our quality control assessment, in which a collection of known negative and positive samples with known IFA patterns yielded the expected results. The tests were interpreted by three experienced independent blinded observers under ×400 magnification using an Olympus BX-50 immunofluorescence microscope. Any discrepancy in the reading of the analysts was settled by a group review of the slides, and agreement of at least two of the three observers was obtained for all samples.



Selection of Reactive Samples and Definition of Scores for Assessing Agreement in Reactivity Using Different HEp-2 Slide Kits

Samples showing no reactivity using the four HEp-2-IFA kits (n = 402) were considered devoid of relevant autoantibodies. Conversely, the 466 serum samples showing reactivity to any cell compartment in at least one kit were classified as reactive. Only reactive samples were used throughout the study, and these included 238 SAD samples, 119 NAD samples, and 109 HBD samples.

We analyzed the reproducibility in results obtained with the four kits, for each sample, regarding reactivity separately for each cell compartment. Total agreement was defined as a dichotomous variable that could be classified as positive (positive reactivity using the four HEp-2-IFA kits) or negative (at least one kit differed from the others). In addition, we semiquantified the reproducibility, by developing a reactivity agreement score (RAS) based on the possibilities of agreement among the four kits analyzed: (1) all kits presented similar reactivity (4 × 4); (2) three kits presented similar reactivity and one presented a discordant result (3 × 1); and (3) two kits presented similar reactivity and two were discordant (2 × 2). These three possibilities of agreement received the arbitrary proportional weights of 100, 75, and 50, respectively. The RAS for specific groups of samples was obtained by calculating the mean RAS for all samples in the group of interest. By mathematical definition, the RAS score in any clinical group of samples varies from 50 to 100, and we arbitrarily defined four categories: poor agreement (between 50 and 62.5), moderate agreement (between 62.6 and 75), satisfactory agreement (between 75.1 and 87.5), and excellent agreement (between 87.6 and 100).

The HEp-2-IFA patterns were expressed according to the ICAP nomenclature. We evaluated the robustness of HEp-2-IFA patterns across different HEp-2 kits by assessing the reproducibility of each pattern. A Pattern Reproducibility Score (PRS) was defined as the frequency with which a given pattern is reproducible using the four tested kits in each sample. We assigned arbitrary scores for each of the four possible combinations of results obtained for each sample: (1) the pattern of interest was obtained using the four kits (4 × 4; PRS = 100); (2) the pattern of interest was obtained using three kits (3 × 1; PRS = 67); (3) the pattern of interest was obtained using two kits (2 × 2; PRS = 33); and (4) the pattern of interest was observed using only one kit (1 × 3; PRS = 1). The weighted PRS for each pattern was calculated by obtaining the mean PRS in all samples that presented that pattern in at least one kit. We arbitrarily defined four classes of robustness for the patterns: poor (1≥PRS ≤ 25), moderate (25>PRS ≤ 50), satisfactory (50>PRS ≤ 75), and excellent (75>PRS ≤ 100).



Characterization of the Interkit Reproducibility of the Intensity of IF-Reactivity Per Cell Compartment in the Three Clinical Groups

The nominal intensity of IF reactivity of each sample was assigned according to the strongest reactivity obtained in any of the kits in a semiquantitative scale as follows: weak (+/4), moderate (++/4), strong (+++/4), and very strong (++++/4). For the analysis of agreement in the intensity of reactivity among the four kits, intensities +/4 and ++/4 were clustered as weak reactivity, while samples with intensity +++/4 and ++++/4 were clustered as strong reactivity. The interkit reproducibility of the intensity in IF reactivity observed for each sample was rated against the nominal intensity of IF reactivity and was assigned as concordant when all kits produced equivalent intensity of reactivity, and discordant when at least one kit produced intensity of reactivity different from the nominal.



Statistical Analysis

The dichotomous variables were analyzed by the Chi-square test, and ordinal variables were analyzed by the Kruskal-Wallis test and Mann-Whitney U test. All data were analyzed using SPSS20.0 software at a significance level of p < 0.05.




Results

As shown in Table 1, the 466 reactive samples showed considerable difference in the frequency of positive results according to the four kits, with kit Z yielding the highest frequency and kit Y the lowest frequency of positive results. Among the three clinical groups, there was a higher frequency of positive results in each kit in samples from the SAD group (Table 1), with no statistically significant difference in the frequency of reactivity among the HEp-2-IFA kits (89.9% to 94.5%). In contrast, there was significant heterogeneity in the frequency of positive results among the four kits for the NAD group (47.1% to 78.2%) and HBD group (35.8% to 93.6%). This result suggests greater consistency in reactivity across HEp-2-IFA kits in the SAD group as compared to the other groups. Table 1 also shows that kit Y had the lowest and kit Z had the highest proportions of positive results in all clinical groups: SAD group (89.9% vs. 94.5% positive results, respectively), NAD group (47.1% vs. 78.2%), and HBD group (35.8% vs. 93.6%). It should be noted that the high frequency of positive results in the NAD and HBD clinical groups is expected, as this analysis includes only samples that yielded a positive result in at least one HEp-2 kit.


Table 1 | Distribution of samples in each clinical group according to the global reactivity in each HEp-2 kit.




HEp-2-IFA Interkit Reproducibility According to the Clinical Nature of the Samples

Next, we analyzed the interkit reproducibility in global reactivity and reactivity to each cell compartment using samples from each clinical group separately. Due to the low number of samples showing reactivity in the mitotic apparatus, this compartment was not included in this and subsequent statistical analyses of reactivity. As can be seen in Table 2, the SAD group presented higher RAS than the other groups, especially regarding the nuclear compartment, which presented RAS of 90 (classified as excellent reproducibility), while the other groups had a satisfactory reproducibility (RAS of 76.7 and 76.0, respectively). Group SAD also achieved higher RAS referent to the cytoplasmic compartment (RAS = 81.8) than the NAD and HBD groups (RAS = 68.9 and RAS = 71.9, respectively). In contrast, the three groups showed similar RAS regarding reactivity to the nucleolus and the metaphase plate. It is noteworthy that groups NAD and HBD showed equivalent agreement in reactivity to all cell compartments.


Table 2 | Reactivity agreement score (RAS) in each cell compartment according to the clinical group.



It is recognized that HEp-2-IFA reactivity tends to occur at higher titer in autoimmune patients than in nonautoimmune patients and normal individuals who have a positive HEp-2-IFA test. This is confirmed in the present cohort, where the SAD group has a low proportion of weak-reactive samples and a high proportion of strong-reactive samples. The opposite was seen in the HBD and NAD groups (Table 3). Therefore, we investigated if the highest agreement rates observed in the SAD group could be caused by the higher reactivity intensity in this group, by analyzing the total reactivity agreement rate as a function of the intensity of HEp-2-IFA reactivity in each clinical group. As shown in Table 3, the differences among clinical groups and cell compartments, observed in Table 2, disappear when comparing samples with equivalent intensity of reactivity. In the SAD group, for example, the total concordance rate in the nuclear compartment was 86.6% for strong-reactivity samples (++++/4) and below 4.5% for weak-reactivity samples (+/4). A similar trend was observed in the NAD and HBD groups for the nuclear compartment and the cytoplasm and metaphase plate compartments for all clinical groups. The nucleolar compartment showed low agreement rates independently of the intensity of reactivity. In general, the samples with strong reactivity in the three clinical groups showed a high agreement rate among different slides, whereas those with low reactivity presented a low agreement rate.


Table 3 | Distribution of reactive samples according to the reactivity intensity and total reactivity agreement in each cell compartment in the three clinical groups.





Robustness of the Various HEp-2-IFA Patterns Using Different Kits

We assessed the robustness of patterns by calculating the PRS, defined according to the frequency with which a given pattern is observed using the four kits in all samples that presented that pattern in at least one kit. In general, nuclear patterns were more robust than cytoplasmic patterns in terms of reproducibility using different HEp-2 kits (Table 4). Among the nuclear patterns, the reproducibility was classified as excellent for the AC-3 pattern, satisfactory for AC-6, AC-5, AC-1, and AC-2 patterns, moderate for AC-4 and AC-7 patterns, and poor for AC-11/AC-12 and AC-XX patterns (Table 4; Figure 2A). In general, the cytoplasmic patterns had lower PRS values, with reproducibility classified as satisfactory for AC-21, moderate for AC-19 and the cytoskeleton (AC-15, AC-16, and AC-17) patterns, and poor for AC-20, AC-18, AC-23, and AC-XX patterns (Table 4; Figure 2B).


Table 4 | Robustness of HEp-2-IFA patterns is associated with strong reactivity in the indirect immunofluorescence assay.






Figure 2 | Robustness of the various HEp-2-IFA patterns using different HEp-2 slide brands according to intensity of immunofluorescence intensity. (A) Nuclear patterns: AC-1, homogeneous; AC-2, dense fine speckled; AC-3, centromere; AC-4, fine speckled; AC-5, coarse speckled; AC-6, multiple nuclear dots; AC-7, few nuclear dots; AC-11/12, nuclear envelope; AC-XX, atypical. (B) Cytoplasmic patterns: 15/16/17 (fibrillary); AC-18, rods and rings; AC-19, dense fine speckled; AC-20, fine speckled; AC-21, mitochondria like. Robustness defined according to the pattern reproducibility score (PRS): excellent (75>PRS), satisfactory (50>PRS ≤ 75), moderate (25>PRS ≤ 50), poor (1≥PRS ≤ 25).



We then investigated if the robustness of HEp-2-IFA patterns was associated with the intensity of IF reactivity. In general, patterns with higher PRS tended to present a higher frequency of samples with strong IF reactivity (Table 4). Thus, among the nuclear patterns, those with excellent and satisfactory robustness (AC-3, AC-1, AC-5, and AC-6) had the highest frequency of samples with strong IF reactivity. In contrast, patterns with moderate and poor robustness (AC-4, AC-7, AC-11/12, AC-XX) presented a lower frequency of samples with strong IF reactivity (Figure 2A). However, there were some exceptions to this trend, e.g., the AC-2 pattern showed the lowest PRS (54.2) among the patterns with satisfactory robustness (the others varied from 67.9 to 78.4) but showed the highest frequency of samples with strong IF reactivity in this group. Similarly, the cytoplasmic pattern AC-21, classified as satisfactory robustness (PRS = 68.6), had a lower frequency of samples with strong IF reactivity than the pattern AC-19, classified as moderate robustness (PRS = 36.1) (Figure 2B). This dual behavior indicates that the intensity of IF reactivity tends to favor reproducibility, but some patterns have intrinsic characteristics of robustness independent of the intensity of IF reactivity.




Discussion

The present study investigated how the interkit nonreproducibility phenomenon of the HEp-2-IFA test varies according to the clinical nature of the sample, the cell compartment stained, the type of HEp-2-IFA pattern, and the intensity of IF reactivity. Thus, we established semiquantitative scores for determining the interkit nonreproducibility phenomenon in samples from different clinical groups, with reactivity to different cell compartments, different IF patterns, and different IF-reactivity intensity. The interkit nonreproducibility phenomenon was investigated systematically by analyzing 466 HEp-2-IFA-reactive samples from SAD patients, NAD patients, and HBD. The interkit reproducibility was determined according to two perspectives. The total agreement score is a very stringent binary parameter in which one discordant result using one of the kits would assign a nonreproducibility status. Therefore, we also assessed the interkit reproducibility in a more judicious and balanced way by establishing the RAS and PRS scores, which allow the determination of increasing intermediate degrees of reproducibility. From this perspective, we could semiquantify the interkit reproducibility phenomenon according to the clinical nature of the sample, the reactivity to each cell compartment, the HEp-2-IFA pattern, and the intensity of IF reactivity.

We demonstrated that reproducibility was greater with samples from SAD patients and samples reactive with the nucleus, and this was associated with the strongest IF reactivity in these groups of samples. In other words, the SAD group and the nuclear compartment showed higher reproducibility precisely because they have a higher frequency of samples with strong IF reactivity. Some patterns had higher reproducibility than others did, and this was again partially associated with the intensity of IF reactivity of the samples. AC-3, for example, was the most robust pattern (highest PRS) and presented the highest frequency of samples with strong IF reactivity. However, for some IF patterns, the reproducibility was not fully dependent on the intensity of IF reactivity. The nuclear AC-2 pattern, for example, had lower reproducibility but a higher frequency of samples with strong IF reactivity than the AC-1 pattern. In other words, the AC-1 pattern was more robust than the AC-2 pattern, independently of the intensity of IF reactivity. These observations indicate that weak IF reactivity of the samples contributes to poor interkit reproducibility of results, but intrinsic characteristics of some patterns affect their reproducibility in different kits independently of the IF-reactivity intensity.

We observed considerable differences in the frequency of positive results obtained with the four kits in the three clinical groups, with kit Z systematically showing the highest frequency and kit Y showing the lowest frequency of positive results. It should be noted that the difference between kits Y and Z was less noticeable in the SAD group than in the NAD and HBD groups. As the interkit nonreproducibility phenomenon was especially evident in samples with weak IF reactivity, it is possible that the lot of kit Z used in this study yielded inappropriately high sensitivity. In this report, the HEp-2 kits were coded and the brand names were not disclosed in the results because we understand that there may be lot-to-lot variation in any immunoassay and therefore the characteristics observed in this study cannot be unconditionally attributed to each kit brand. However, we issued a report to each manufacturer disclosing the identity of their respective kits.

In general, samples from SAD patients showed higher reproducibility rates for global reactivity and cell compartment reactivity, especially in the nuclear, cytoplasmic, and metaphase plate compartments. Intriguingly, the reactivity with the nucleolus showed lower rates of reproducibility than the other cellular compartments did in the three clinical groups. As mentioned above, for all clinical groups, the reproducibility was higher in samples with strong IF reactivity, and this analysis shows that the higher number of samples with strong IF reactivity accounted for the higher reproducibility rates obtained with samples from the SAD group. The same applies to the interkit reproducibility of reactivity with the nucleus, cytoplasm, and metaphase plate. However, the interkit reproducibility of reactivity with the nucleolus was poor even in samples with strong IF reactivity and in all clinical groups. This observation suggests that nucleolar autoantigens are particularly susceptible to peculiarities in the methods for culture, permeabilization, and fixation of HEp-2 cells used by the different manufacturers.

The monolayer of HEp-2 cells on the glass slides allows the detection of dozens of autoantibodies against different autoantigens, and the IF patterns reflect the topographic distribution of these autoantigens as well as their behavior throughout the cell cycle. Therefore, the HEp-2-IFA patterns provide a preliminary indication of the possible autoantibodies present in the test sample (3–14, 37). The recognition of this important aspect of HEp-2-IFA patterns has stimulated a progressive international commitment to harmonize the nomenclature of HEp-2-IFA patterns, culminating with ICAP international initiative (9, 10). However, cell culture conditions and fixation methods influence the cell distribution of autoantigens and the preservation of epitopes of interest (37–40). There are dozens of HEp-2-IFA kits available in different parts of the world and each manufacturer uses a particular methodology for growing, permeabilizing, and fixing the cells onto the slides. In addition, there is heterogeneity in the proprietary buffers and conjugates from each manufacturer. The heterogeneity and lack of standardization in the preparation of kits by manufacturers contribute to the discrepancy of results obtained using different HEp-2-IFA kits. Previous studies provide an experimental technical basis to explain the inconsistency of results between different HEp-2 kits, pointing out that cell fixation and permeabilization protocols are capable of modifying the structure and composition of cell compartments, the size of nuclei and nucleoli, and the availability of epitopes for recognition by autoantibodies (40–44).

The present study confirms previous findings on the phenomenon of interkit nonreproducibility of HEp-2-IFA results (28, 30, 45, 46) and shows that this phenomenon is especially frequent in samples from normal individuals and patients with nonautoimmune diseases. In addition, we demonstrated that this phenomenon affects particularly samples with low IF intensity as well as some specific patterns. This is relevant for the routine HEp-2-IFA testing in that the majority of samples from nonautoimmune patients derived from a low positive predictive value scenario have low-to-moderate titer. Thus, samples with low IF intensity might be considered for confirmation in at least one additional HEp-2-IFA kit.

It is appropriate to recognize that discrepancy in results obtained with different kits is a common observation also for other types of immunoassays, such as ELISA and chemiluminescence. The literature contains several studies demonstrating discrepancy in the results of serum samples submitted to comparison in different commercial immunoassays using the same methodological platform (47–50). Solid-phase immunoassays (SPIA) are widely applied in the determination of autoantibodies of clinical relevance and there are multiple brands of SPIA kits approved by regulatory agencies. However, there are disturbingly high rates of disagreement in results obtained with different kits (47, 49, 50). Costa-Pereira et al. tested serum samples from 144 patients with autoimmune rheumatic diseases and 121 individuals with nonautoimmune diseases using traditional double immunodiffusion and seven SPIA kits for rheumatic disease-related autoantibodies (U1-RNP, SS-A/Ro, SS-B/La, Sm, Jo-1, and Scl-70) (51). Regarding the clinical diagnosis, SPIA kits were more sensitive and double immunodiffusion was more specific for all autoantibodies. Remarkably, there was a high rate of disagreement among the different SPIA kits regarding positive results for all the autoantibodies tested. For example, the sensitivity for anti-SS-A/Ro in patients with rheumatic diseases varied from 21% to 78% in the different kits (51). Similar disagreements among different kits for rheumatic disease-related autoantibodies were reported by Jaskowski et al. and Van Duijnhoven et al. (49, 50). Provided that each manufacturer uses a peculiar array of reagents for the preparation of kits and adjusts the cutoff for positive results with a particular collection of serum samples, it is no surprise that there is a high rate of disagreement among kits (47–51). The problem of interkit nonreproducibility is a generalized phenomenon in immunoassay testing that also affects the HEp-2-IFA method, particularly concerning the IFA pattern definition.

One limitation of this study is that we used only four HEp-2-IFA kit brands, and this was conditioned by the difficulty in processing and analyzing circa 900 samples in many kits, as well as the consequent budget constraints. However, we used kits that are among the most frequently used, according to the External Quality Assessment program of the College of American Pathologists. We believe that the inclusion of additional kit brands would increase the possibility of identifying nonreproducibility of results, but this would not affect the general findings and conclusions of the study. The results obtained with the four kits already demonstrate clearly that interkit nonreproducibility in HEp-2-IFA is a prevalent phenomenon. This study did not address the nonreproducibility among lots of the same kit brand and this point should be addressed in future studies. We did not determine the titer of the samples; instead, the IF-reactivity intensity was determined in a subjective 4-point semiquantitative assessment. However, this semiquantitative assessment was sufficient to demonstrate consistently that interkit nonreproducibility was more prominent in samples with weak IF reactivity.

To the best of our knowledge, there is no official technical recommendation for the culture, permeabilization, and fixation of HEp-2 cells used in HEp-2-IFA kits. Each manufacturer uses proprietary protocols contributing substantially to the heterogeneity in the performance of the various HEp-2-IFA kits. As documented in the present study, one can easily imagine how the interkit nonreproducibility phenomenon can have a considerable clinical impact and generate divergence in the interpretation of results from different laboratories, influencing the sensitivity, specificity, and positive/negative predictive values of the HEp-2-IFA test. Considering that part of this phenomenon results from the intrinsic heterogeneity of HEp-2-IFA kits, we suggest that international autoantibody standardization initiatives establish a task force, with the involvement of in vitro diagnostic company scientists, aiming to elaborate official guidelines for harmonization in the manufacturing of HEp-2-IFA kits.
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The emergence of COVID-19 has emphasised that biological assay data must be analysed quickly to develop safe, effective and timely vaccines/therapeutics. For viruses such as SARS-CoV-2, the primary way of measuring immune correlates of protection is through assays such as the pseudotype microneutralisation (pMN) assay, thanks to its safety and versatility. However, despite the presence of existing tools for data analysis such as PRISM and R the analysis of these assays remains cumbersome and time-consuming. We introduce an open-source R Shiny web application and R library (AutoPlate) to accelerate data analysis of dose-response curve immunoassays. Using example data from influenza studies, we show that AutoPlate improves on available analysis software in terms of ease of use, flexibility and speed. AutoPlate (https://philpalmer.shinyapps.io/AutoPlate/) is a tool for the use of laboratories and wider scientific community to accelerate the analysis of biological assays in the development of viral vaccines and therapeutics.
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Introduction

The pseudotype based microneutralisation (pMN) assay measures functional antibody responses against viruses (1). The pMN assay uses pseudotypes or pseudoviruses, viral vectors which usually display the envelope protein of the virus of interest on its surface with a marker or reporter gene, commonly luciferase or green fluorescent protein (2, 3). The viral entry protein or envelope enables the pseudotypes to enter cells which then express the encoded marker allowing viral entry to be quantified. Antibodies that inhibit virus entry will reduce the expression of the pseudotype marker and so the potency of neutralisation can also be quantified (1, 4).

Neutralisation potency is usually reported as the IC50 of a dose-response curve. By measuring neutralisation along a dilution series, a dose-response curve can be estimated for a given antibody/sera (1). When this dilution is displayed on a log scale the curve follows a classic S shape which is well represented by the 4-parameter log-logistic regression curve (5). As shown by Figure 1, the IC50 is defined as the dilution which gives 50% neutralisation of the curve (1, 5).




Figure 1 | Schematic representation of the pseudotype neutralisation (pMN) assay. Steps 1-5 show the lab protocol for the pMN assay and steps 6-8 show the computational analysis using AutoPlate. The plate layout for the well types can be seen where the sera (type “x”) are shown in yellow, antibody positive control (type “m”) shown in red, virus (type “v”) shown in blue and cells (type “c”) shown in pink (created with BioRender) (6).



Influenza pseudotypes are predominantly used for the pMN assays but can also be used for the enzyme-linked lectin assay (ELLA) that measure inhibition of neuraminidase (NA) activity (7). Neuraminidase is the second most abundant influenza surface glycoprotein after haemagglutinin (HA). ELLA can also be performed using 96-well plates in almost the same format as pMN, with the response shown via dose-response curves and reported as IC50 values (8).

There are three major advantages of pMN and pELLA (pseudotype based ELLA) compared to other biological assays (bioassays) for measuring immune response against viruses. These assays are very safe (1, 2, 9), versatile (2, 3), as they can be used for a range of viruses, and have growing adoption for emerging viruses (3, 10, 11).

The assays are safe because the pseudotypes used are replication-incompetent meaning that they cannot replicate as they do not contain all the genes from the original viral vector (most commonly a lentivirus or retrovirus) needed to replicate (1, 2). As a result, these assays can be performed at a lower biosafety level (BSL) (3, 9, 11). For example, SARS-CoV-2 pMN can be performed in BSL 2 laboratories but live SARS-CoV-2 requires BSL 3 facilities, further increasing the speed at which vaccines and other therapeutics can be developed (4, 9, 12).

The pMN assay can be applied to virtually any enveloped virus as it measures cell entry rather than a specific feature of the virus (2). pMN has been applied to many viruses including influenza (1, 12–15), HIV (16, 17), Ebola (18, 19), MERS (9, 20), Dengue (21), Lassa (22), Rabies (23), Chikungunya (24) and Nipah virus (25). It has become one of the principal assays for characterising functional immune response during the ongoing SARS-CoV-2 pandemic (4, 12, 26), which further indicates its rapid uptake and applicability to new and emerging viruses (3, 10).

Once the experiment has been run the two main steps to analyze it are reformatting the data and statistical analysis (1). Although there are proprietary and open-source tools for the analysis there are drawbacks to currently available software solutions and the time-consuming reformatting is not handled by either.

The main input for the computational analysis of the immunoassays is raw luminescence (or fluorescence) data, often contained within tabular files (normally CSV or Excel) that specify relative luminescence units (RLU) values for each well (1). However, the crucial experimental metadata is usually not included and so must be carefully entered for each well. Along with reformatting the data to be entered into the chosen stats package, this is the most time-consuming step of the computational analysis and where an intuitive and efficient interface could most benefit labs running these assays.



Results


AutoPlate

We present AutoPlate as a simple interface to quickly add experimental metadata to immunoassay results, reformat data and perform statistical analysis. AutoPlate produces publication-ready figures but allows users to export data for further analysis with external statistical software such as R. AutoPlate can be accessed through an online Shiny app or installed as an R package. The AutoPlate source code is open source and available at https://github.com/PhilPalmer/AutoPlate.



How Does AutoPlate Compare to Other Existing Software?

Existing proprietary software such as PRISM allows for the analysis of bioassays via a graphical user interface (GUI) (1). This helps make it easier to enter data, however, it is rigid compared to tools such as the open-source R and Python programming languages and there is little/no integration with these languages. The R and Python programming languages have software packages “drc” and “neutcurve” respectively (5, 27). These packages are incredibly flexible for dose-response curve analysis but require a technical understanding of their respective programming languages (5). Crucially, preparing data for analysis is slow in all programs especially when analysing many 96-well plates, as shown in Table 1.


Table 1 | Qualitative comparison between AutoPlate and currently available software for analysing data from bioassays.





Overview of the Application

AutoPlate provides an intuitive graphical user interface for quickly adding experimental metadata and formatting the data for analysis. This formatted data can be exported for analysis in other software or analysed within AutoPlate to produce a report including quality control checks and publication-quality figures. AutoPlate is implemented in the R Shiny framework (https://shiny.rstudio.com/) because it combines the flexibility of R (with packages such as “drc”) with a user-friendly graphical user interface (similar to PRISM). Analysing data using AutoPlate follows three steps.


Step 1) Input

To add experimental metadata before data analysis AutoPlate accepts five inputs (see Figure 2):

	1) The assay type is defined, currently supported assays are the pMN and ELLA assays.

	2) Luminescence files that contain the raw luminescence values for each well can be uploaded directly from the plate reader. CSV format is used for the pMN assay and Excel format for the ELLA assay. Users can also upload a previously exported CSV file generated from a later step in AutoPlate if they want to re-load a dataset that has already been analysed.

	3) Both the serum and control concentration/dilutions can be specified by an interactive table, containing default values (Figure 3). Each row in the table corresponds to rows or columns on the 96-well plate for the pMN and ELLA assays respectively.

	4) For each uploaded 96-well plate, an 8x12 interactive table will be generated. This table can be used to view and change the values for each well for any feature such as the sample types, treatment group or sample ID, etc., by selecting that feature from the drop-down menu. Initially, wells are populated with default values commonly used in our lab for the types, sample IDs and dilutions. For example, for the pMN assay, two columns are used per sample with the sample ID increasing across the plate(s), with the first and last columns being reserved for the controls. Modifications can be made in bulk by modifying the “template” to allow any plate layout to be quickly propagated across all plates.






Figure 2 | AutoPlate Step 1) Input Screenshot. Upload raw data from the plate reader and specify metadata required for dose-response curve analysis.






Figure 3 | AutoPlate Step 1) Input Concentrations/Dilutions Table Screenshot. Specify the serum and control concentrations/dilutions.



The default pMN types layout can be seen in Figure 4. Most wells are type “x” (experimental); these are a known dilution of sample neutralizing the virus of interest. Type “m” indicates the positive control (“m” was originally for monoclonal antibodies), these wells are treated the same as type “x” but can be easily filtered or colored differently and may be diluted differently. The final types are “v” and “c” which are used to convert virus marker measurements into neutralisation and normalize the data. Type “c” contains cells only and represents 100% neutralisation because there is no virus to enter cells and express the marker. Type “v” contains cells and virus-only but (no treatment) and represents 0% neutralisation because no virus neutralisation occurs.




Figure 4 | AutoPlate Step 1) Plate Data Table Screenshot. Enter data for any plate, well or feature such as the well type.



	5) The final input is any other features such as the bleed, treatment, virus and experiment ID. The bleed is normally an integer corresponding to the week the sample (e.g., mouse) was bled or “terminal” for the last bleed. The treatment will be used to group the data for the dose-response curves, for example, what the subjects were inoculated with. The virus refers to the pseudotyped virus (pseudovirus) that was used in the assay. The experiment ID is a unique identifier specifying which study generated the data. You can have multiple experiment IDs if you are analysing multiple datasets from different experiments. All these features can be set using the 96-well plate data tables or in the “other features” section. This implementation of the other features section was designed to be as flexible as possible, allowing the user to set these features by selecting any existing feature and providing a mapping for a new value. For example, it is often best to set the treatment based upon the sample ID if you are specifying which vaccination each subject received. These four features were chosen as default because they are common to our group. However, these features could be omitted, and other ones added in the future.





Step 2) Quality Control

The quality control step (Figure 5) allows users to quickly determine that the data is entered correctly and that the controls have worked as expected. To visualize the data entered in Step 1 a table, various heatmaps and a boxplot are generated. If the controls for a particular plate or well have failed, then these wells can be excluded from the analysis.




Figure 5 | AutoPlate Step 2) Quality Control Screenshot. Visualise the data entered in Step 1 and check that the controls have worked for each plate/well.



A table is generated (Figure 6) displaying the average viral and cell luminescence to check that there is a substantial difference in the average luminescence between virus-only and cell-only wells and that an adequate number of control wells have been included in the analysis.




Figure 6 | AutoPlate Step 2) Quality Control Average Luminescence Table Screenshot. Check the number of control wells and difference in luminescence values between the virus-only and cell-only control wells.



Heatmaps are generated for various key features (well types, sample ID, dilution, virus, RLU, neutralisation (Figure 7), treatment, bleed and experiment ID). For all these features a heatmap is used to show the value for each of these features for all plates in a 96-well plate format i.e., an 8 x 12 grid.




Figure 7 | AutoPlate Step 2) Quality Control Neutralisation Heatmap Screenshot. Visualise features such as the neutralisation in a 96-well plate format using a heatmap.



A user can choose to exclude any wells from the analysis. To do this they can specify a string consisting of comma-separated values of either whole plates, individual wells or a range of wells. Wells can also be excluded from the plate data table in the input step (Figure 4). Wells could be excluded for any number of reasons but are most commonly excluded when the controls have failed or when wells were left empty on a particular plate. A heatmap is also generated to show which wells will be excluded from the analysis, allowing users to verify that the correct wells have been excluded from the analysis.

A boxplot of all the different well types for each plate is generated (Figure 8). This plot can be used to check differences in control values between plates. It is important to check that the virus wells have approximately the highest luminescence and cell wells have the lowest because it is these wells that are used for the normalization when calculating the neutralisation. In our experience, if the virus-only wells do not have the highest values on a plate, the dose-response curves estimated from that plate are shifted downwards, and this may underestimate the neutralizing capacity of the sample sera.




Figure 8 | AutoPlate Step 2) Quality Control Types Boxplot Screenshot. The graph shows the average raw luminescence value for each well type on each plate. The legend functions as a toggle to show which well types are shown.



Users can export the formatted dataset containing all assay data as a CSV from AutoPlate. This allows the data to be shared or analysed with different statistical software. This dataset can also be uploaded on the first step of AutoPlate so that shared data can be analysed in AutoPlate or old data can be reanalyzed.



Step 3) Results

The following four interactive plots are generated in the results section (Figure 9), data exploration, dose-response curve, IC50 boxplot and virus-cell boxplot. All these plots can be downloaded as a publication-quality figure in either SVG or PNG format and the raw code required to reproduce the plot in R can be viewed.




Figure 9 | AutoPlate Step 3) Results Screenshot. Fit dose-response curves to analyse the data entered in previous steps, calculate the IC50 values and generate downloadable plots to visualise the results.



The data exploration plot (Figure 10A) fits a loess smooth to each treatment group to illustrate the dose-response relationship of treatment groups outside of the dose-response curve model. The virus-cell boxplot can be used to check that the controls have worked as expected (Figure 10B). There should be a clear separation between the virus and cell groups and little variation between plates. The dose-response tab fits a 4-parameter log-logistic regression dose-response model to each of the treatments (Figure 10C) (5). To simplify visual comparison of treatments a boxplot of just the IC50 values of each curve is displayed (Figure 10D).




Figure 10 | AutoPlate Step 3) Results Plots Screenshot (A) Data Exploration Plot. For each virus the serum dilution is plotted on the x-axis against the neutralisation on the y-axis. Each line represents a different treatment group. (B) Virus Cell Boxplot. The graph shows cell and virus only well types on the x-axis for each plate plotted against the log raw luminescence value. (C) Dose-response Curves Plot. The plot for virus A/Michigan/45/2015 (H1N1) is shown with the serum dilution plotted on the x-axis against the neutralisation on the y-axis. Each line represents a single sample and is coloured by the treatment group. (D) IC50 Boxplot. The plot for virus A/Michigan/45/2015 (H1N1) is shown with the log IC50 dilution plotted on the x-axis against the treatment group on the y-axis. Each data point represents a single sample.



The dose-response model, which is used for the dose-response curve and IC50 box plot, can also be defined, allowing a great deal of flexibility. To produce the plots, the “drc” R package is used and the user can define any parameters to the “drm” function they wish such as the equation, model type, which parameters are shared between treatment groups, and any upper/lower limits for the parameters used by the dose-response model (5).

All the information displayed within AutoPlate, such as the quality control and results plots can be downloaded as a shareable HTML report file. As well as including all the plots generated in AutoPlate, it also contains the specific code and R package versions needed to reproduce them.




Applications of AutoPlate

To show the speed, flexibility and ease of use of AutoPlate we have provided an example dataset. This dataset was used for all figures, can be loaded within AutoPlate and the raw data can be found within the GitHub link. The dataset consists of five different Influenza H1N1 viral pseudotypes tested against mice inoculated with PBS, A/Michigan/45/2015 (MI/15) and A/Brisbane/02/2018 (Bris/18). The dataset shows a range of neutralisation responses, as shown in Figure 10. For all viruses, the negative control (PBS) shows very low neutralisation and the positive control (HoxB8 Antibody, 4F8) shows very high neutralisation. The two inoculates show very low neutralisation except when they are homologous i.e. the strain against which the mice were inoculated is the same as the viral pseudotype, in which case the mice showed moderate neutralisation.




Discussion

AutoPlate is a tool accessible through a web application or R package, to help further automate the analysis of bioassays. The main objective of AutoPlate was to enable users to go from raw data to publication-quality plots quickly by handling the time-consuming reformatting of data which is not handled by the other tools. This allows considerable time saving and therefore shortens the feedback loop for data analysis, which is especially useful when conducting large high throughput experiments.

We also aimed to make AutoPlate user-friendly. There is no need for the user to have previous programming experience or any sophisticated software installed on their computer, only a web browser, unlike software packages drc and neutcurve. This helps make the data analysis more accessible to the scientist performing the assay, who may have crucial input or valuable domain-specific knowledge.

Golem is a useful tool for developing Shiny applications with software best practices as a standalone R package so that users can run their own version (28). AutoPlate development was supported with Golem including automated testing, extensive documentation and ensuring the package consists mainly of modular R functions. This makes AutoPlate easier to maintain, install and means that users can use AutoPlate as a package rather than a Shiny app.

Finally, AutoPlate is very flexible compared tools such as PRISM, due to its integration with R. It is possible to install AutoPlate as an R library, view the raw R code for all the plots and get a list of all the R packages used including versions from the HTML report. This makes reproducing the analysis within R trivial, allowing the user to tweak or extend the analysis performed with all the options available in R. Any analysis within the AutoPlate web application is reproducible because it is possible to export the full dataset and re-uploading and analysing the same dataset will generate the same results. As AutoPlate is open-source, it is also highly extendable. For example, AutoPlate could support new analyses, new assay types such as ELISA (enzyme-linked immunosorbent assay), HIA (hemagglutination inhibition assay) or even any custom assay and other plate types such as 384-well plates.

In summary, AutoPlate is a fast, easy to use and flexible web application to help accelerate the analysis of biological assay data.



Methods

AutoPlate was developed using R v3.6.3 and R Shiny v1.5.0 (29, 30). The neutralisation is calculated from the RLU values and normalized per plate. The minimum level of cell infection is calculated as the median luminescence from the virus-only wells, for a given plate. The maximum level of cell infection is calculated as the median luminescence from the cell-only wells, for a given plate. The neutralisation for each well is then expressed as a percentage between the minimum and maximum levels of cell infection as calculated for that plate. This is shown in the equation below for calculating the neutralisation, where x is the RLU for a particular well, v is the median RLU for the virus-only wells for the plate and c is the median RLU for the cell-only wells for the same plate.

	

Dose-response curves and IC50 values were estimated using the R package drc v3.0-1 (5). By default, for the dose-response model, the dose is the dilution, and the neutralisation is the response, the sample IDs are used to group the data. The model used is the four-parameter log-logistic function (or LL2.4) which can be denoted by the expression below, where b is the slope around the IC50, c is the curve minimum, d is the curve maximum and e is the log IC50 value (5). This model was chosen as the default option because we found that models more readily converge when estimating log(IC50) than IC50 itself. By default, a single curve minimum, curve maximum, and gradient are estimated for the whole population to improve comparisons between samples. The upper limit of the curve maximum is set to 100 and the lower limit for the gradient around the IC50 and the IC50 value are set to zero to prevent a negative gradient or IC50 value.

	



Code Availability

The AutoPlate web application can be accessed freely at https://philpalmer.shinyapps.io/AutoPlate/. Users are encouraged to modify, contribute or deploy their own version of AutoPlate. The documentation is available at https://philpalmer.github.io/AutoPlate/ and the source code at https://github.com/PhilPalmer/AutoPlate.
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Background

The Human Cell Differentiation Molecules (HCDM) organizes Human Leukocyte Differentiation Antigen (HLDA) workshops to test and name clusters of antibodies that react with a specific antigen. These cluster of differentiation (CD) markers have provided the scientific community with validated antibody clones, consistent naming of targets and reproducible identification of leukocyte subsets. Still, quantitative CD marker expression profiles and benchmarking of reagents at the single-cell level are currently lacking.



Objective

To develop a flow cytometric procedure for quantitative expression profiling of surface antigens on blood leukocyte subsets that is standardized across multiple research laboratories.



Methods

A high content framework to evaluate the titration and reactivity of Phycoerythrin (PE)-conjugated monoclonal antibodies (mAbs) was created. Two flow cytometry panels were designed: an innate cell tube for granulocytes, dendritic cells, monocytes, NK cells and innate lymphoid cells (12-color) and an adaptive lymphocyte tube for naive and memory B and T cells, including TCRγδ+, regulatory-T and follicular helper T cells (11-color). The potential of these 2 panels was demonstrated via expression profiling of selected CD markers detected by PE-conjugated antibodies and evaluated using 561 nm excitation.



Results

Using automated data annotation and dried backbone reagents, we reached a robust workflow amenable to processing hundreds of measurements in each experiment in a 96-well plate format. The immunophenotyping panels enabled discrimination of 27 leukocyte subsets and quantitative detection of the expression of PE-conjugated CD markers of interest that could quantify protein expression above 400 units of antibody binding capacity. Expression profiling of 4 selected CD markers (CD11b, CD31, CD38, CD40) showed high reproducibility across centers, as well as the capacity to benchmark unique clones directed toward the same CD3 antigen.



Conclusion

We optimized a procedure for quantitative expression profiling of surface antigens on blood leukocyte subsets. The workflow, bioinformatics pipeline and optimized flow panels enable the following: 1) mapping the expression patterns of HLDA-approved mAb clones to CD markers; 2) benchmarking new antibody clones to established CD markers; 3) defining new clusters of differentiation in future HLDA workshops.





Keywords: flow cytometry, cluster of differentiation (CD), expression profiling, surfaceome, CD marker 



Introduction

Since the development of hybridoma technology in 1975 (1), monoclonal antibody (mAb) production has been instrumental in examining protein expression and delineate cell types. Following its wide adoption, the need for quality assessment of antibody clones and consistency in naming their reactivity was quickly recognized, leading to the initiative of the Human Leukocyte Differentiation Antigen (HLDA) workshops (2, 3). Currently organized by the Human Cell Differentiation Molecules (HCDM), these wet-lab workshops have been run since the 1980s for experimental validation of the reactivity and specificity of mAb clones (2). Two or more validated clones recognizing the same protein target were clustered and designated a cluster of differentiation (CD) number (3). To date, ~400 targets have been assigned CD nomenclature, which ranges from CD1 to CD372 (4).

Flow cytometry is undoubtedly one of the key methods in which mAbs have been applied to evaluate protein expression in single cells (5). Multiparametric applications have expanded our knowledge in immunology and related fields, where the combinatorial expression of surface proteins identifies a particular cell type (6). At the same time, immunophenotyping has become a key method to diagnose hematological malignancies, performing disease classification (7) and associating the expression of particular markers with underlying leukemogenic molecular changes (8, 9).

HLDA workshop reports provide basic information on the reactivity of mAbs. However, these reports have been completed sequentially over 3 decades, scattering the expression information over many publications with a generally low number of investigated subsets (4, 10–14). Thus, a catalog containing comprehensive, quantitative and searchable CD marker expression data was missing until the CD Maps pilot project was published by the HCDM organization (15). Although this pilot project demonstrated the feasibility of a standardized and reproducible collection of the expression patterns, aspects of the procedures still required further optimization and conceptually different approaches, enabling the large-scale deployment and continual updatability of the CD Maps resource.

The construction of a comprehensive resource of CD marker expression should ideally include appropriate and assay-specific titration of each mAb reagent to use the optimal concentration for accurate molecule quantification and limit undesired background staining. In addition to standardized experimental procedures that are reproducible in time and place, the resource should be updatable and handle challenges with data management and annotations. Ultimately, a comprehensive combination of backbone markers is required to define the many functionally defined immune cell subsets in blood.

Although mAbs recognizing the same protein and showing similar reactivity patterns were clustered in CD workshops and assigned CD nomenclature, mAb clone performance may differ, making particular clones better suited for particular applications (16). These mAb clone differences can be defined by direct comparison in a standardized workflow, providing critical information to select the appropriate reagent for clinical studies - e.g., multisite cohort studies that must combine data analyses (17, 18).

Here, we developed a standardized and semi-automated procedure for high-throughput expression profiling of surface protein expression. We evaluated the standardization and optimization of high-throughput reagent titration, the polychromatic panel design for innate and adaptive blood immune cells and a bioinformatics pipeline for data analysis. This approach was validated globally across multiple centers with HLDA-approved antibody clones to CD3, CD11b, CD31, CD38 and CD40 and demonstrates the feasibility of antibody reactivity benchmarking within this framework.



Material and Equipment


Human Blood Samples and Cell Lines

The use of blood samples from healthy adults was approved by the Human Ethics Committees of Monash University, the Motol University Hospital, and the University of Barcelona and was contingent on informed consent in accordance with the Declaration of Helsinki. Blood buffy coats were obtained from the local blood banks. In addition, 4 human cell lines were selected as representatives of the cell types expressing the molecules targeted by the 11th HLDA workshop: Raji (B cell) (19), Jurkat (T cell) (20), THP-1 (monocyte) (21), U266 (plasma cell) (22) (American Tissue Culture Collection (ATCC), Rockville, MD, USA). The mouse pre-B cell line 300.19 (23) (ATCC) served as a universal negative control.



Flow Cytometry Equipment

Data acquisition was performed at three different centers using LSR II and LSR Fortessa (BD Biosciences) instruments equipped with 405 nm, 488 nm, 561 nm and 647 nm excitation lasers and a High Throughput Sampler (HTS).




Methods


Flow Cytometer Instrument Setup

Cytometer Setup and Tracking beads (BD Biosciences, San Jose, CA, USA) and 8-peak Rainbow bead calibration particles (Spherotech, Lake Forest, IL, USA) were used for PMT voltages and light scatter setup to achieve interlaboratory standardization as developed by the EuroFlow consortium (24). The PE-conjugated target mAbs were excited by the 561 nm laser; for each staining (well), a minimum of 0.5 million events were acquired. The EuroFlow Standard Operating Procedure (SOP) for Instrument Setup and Compensation can be downloaded from www.euroflow.org.



Titration Procedure of Target mAbs

To accurately quantify expression, the target antibodies were PE-conjugated. The experimental setup for titrating large amounts of PE-conjugated antibodies was designed to be feasible at a large scale. To this end, a cellular mixture containing representatives of positive and negative cell subsets was created by mixing defined quantities (1x105 of cells) of human peripheral blood cells and selected human (Raji, THP-1, Jurkat, U266) and mouse (300.19) cell lines. The cell lines were barcoded with cell tracking dyes as follows: mouse 300.19 and human U266 cell lines were stained with 20 and 5 µM CellTracker Blue CMHC Dye (Thermo Fisher Scientific, Waltham, Massachusetts, USA), respectively; human THP-1 and Jurkat cell lines were stained with 0.5 and 0.05 µM CellTracker Deep Red Dye (Thermo Fisher Scientific), respectively; human peripheral blood cells were stained with both 20 µM CellTracker Blue CMHC Dye and 0.5 µM CellTracker Deep Red Dye trackers. The human Raji cell line was left unstained. Cell tracker staining was performed according to the manufacturer’s protocols before mixing cells at equal rates and incubating them with PE-conjugated mAbs. The antibodies used were kindly provided by Exbio Praha, Vestec, Czech Republic (CD31, MEM-05; CD38, HIT2; CD3, UCHT1; CD3, SK7; CD3, TB3; CD3, MEM-57) and BioLegend, San Diego, California, USA (CD40, 5C3; CD11b, and ICRF44). All the mAbs were evaluated in with dilutions ranging from 1/5 to 1/3200 to determine the optimal titer at the edge of saturation. The dilution recommended by the manufacturer was chosen as the starting point.



Computer-Assisted Experimental Protocol Setup

To enhance the ease of tracking and repeating the experimental procedure, we established an automated process for protocol preparation based on a manually completed “Experiment Master Table” (EMT) using R software (http://www.r-project.org/). Briefly, the EMT was prepared as an Excel table with information about the sample, backbone panel, antibodies, user and so on. Information in the EMT is used (via web front-end) to automatically generate an experimental protocol that is time-stamped and includes calculated amounts of master mixes and pipetting volumes for all wells in all plates. This setting minimizes user errors and allows the tracking and archiving of the complete procedure.



Single Cell Isolation and Preparation

The blood leukocyte isolation protocol was optimized to minimize platelet adhesion (satellitism) (25). Briefly, the buffy coat suspension contained citrate phosphate dextrose as anticoagulant, and was diluted 6× in PBS containing 2 mM EDTA, followed by the addition of an equal volume of a 4% dextran solution (Sigma–Aldrich, Saint Louis, MO, USA) in 0.9% NaCl. The mixture was left for 30 min for erythrocytes to sediment before collecting the supernatant containing the leukocytes. Following spinning (670 g, 5 min, RT) and removal of the supernatant, the white blood cell count was adjusted to 5×107/ml in PBS supplemented with 0.09% NaN3, 0.5% BSA and 20% rabbit serum (Biowest, Nuaillé, France).



Staining of Blood Leukocytes for Expression Profiling

Cells were stained in 96-well Polypropylene DeepWell plates in a total suspension volume of 50 µl. First, each of the PE-labeled mAbs was added to each well (the marker details are listed in Supplementary Table S1). The mAb amounts were derived from the titration experiment, and PBS supplemented with 0.09% NaN3, 0.5% BSA and 20% rabbit serum was added to a final volume of 10 µl. Subsequently, 40 µl of leukocyte cell suspension (2 × 106 cells) was added to each well. Following careful mixing, the suspensions were incubated for 30 min at room temperature (RT) in the dark. Next, 25 µl of backbone mAb reagent mix was added to each well. Following careful mixing, the plate was incubated for an additional 30 min (RT, in the dark). The compositions of the two backbone antibody panels (innate and adaptive) were optimized, and the reagents were titrated beforehand (the details are provided in Table 1). Most of the backbone reagents were custom provided in an mAb mix that was dried in 96-well plates as HLDA innate and HLDA adaptive panels within Dry Reagents (Exbio Praha, Vestec, Czech Republic), with polymer-conjugated mAbs (BioLegend, Inc., San Diego, CA, USA) added from a liquid stock. All the mAb conjugates were generously donated by Exbio and BioLegend. The residual erythrocytes were lysed by Excelyse Easy solution (Exbio) according to manufacturer´s instructions. Briefly, 1.5 ml of 10× diluted Excelyse Easy solution was added to the 75μl cell suspension incubated for 10 min at RT, in the dark. This procedure provided a mild fixation condition to preserve fragile subsets (e.g. T follicular helper cells - Tfh). The samples were centrifuged (670 g, 5 min, RT), supernatant was removed, and the pellet was dried with a wool pulp. The cell pellet was resuspended in 200 µl of PBS for acquisition and stored at 4°C overnight.


Table 1 | Reagents used in the HLDA innate and HLDA adaptive panel.





Automated FCS File Check and Annotation

All acquisitions were performed using default cytometer acquisition software settings for FCS file labeling (e.g., Specimen_001_A1_A01_001.fcs). The previously prepared EMT table was used for automated renaming of FCS files and their FCS header fields to include all relevant experimental information from the EMT table. This facilitated automated and standardized annotation of FCS files for further analysis.



Conversion of PE Fluorescence Intensity to Antibody Binding Capacity (ABC)

PE conjugation of mAbs is consistent with a 1:1 ratio of fluorochrome:antibody, facilitating the calculation of the antibody binding capacity (ABC) from PE fluorescence. To convert PE fluorescence to the amount of PE molecules bound to a target, we used the PE Fluorescence Quantitation Kit (BD Biosciences) with four known levels of PE. The pellet was resuspended in 500 μL of PBS supplemented with 0.09% NaN3 plus 0.5% BSA and analyzed by flow cytometry in parallel with each experiment. The measured PE signals for all stainings on all cell subsets were fitted to the PE calibration curve to extract the number of PE molecules as described previously (15).



Analysis, Gating and Export of Values

The leukocyte and lymphocyte subsets to be analyzed were predefined and gated uniformly by a single operator using FlowJo (v10, BD Biosciences). From each defined subset, the median intensity in the PE channel and median intensity of ABC were extracted. For each subset, the 90th percentile of the ABC value on empty PE channels (fluorescence minus one; FMO) was considered the cutoff for the subset-specific background. The interquartile range (IQR) was calculated as IQR = Q3 − Q1. The minimum cell count for statistical evaluation was set to 66, and subsets with lower cell counts were omitted from further analysis. The FCS data and the FlowJo workspaces are deposited on the HCDM website (https://www.hcdm.org/index.php/2016-12-06-21-38-08/cdmaps-data-repository).




Results


Automated Workflow for High-Throughput Expression Profiling

The scale of the intended CD Maps project required the following: 1) the processing of hundreds of measurements a day; 2) interlaboratory collaboration; 3) reproducibility in time and place. Thus, we designed a structure for high-throughput experiment execution (Figure 1) sourcing the EMT of PE reagents to be tested. The EMT contained all identifiers of a reagent (clone name, origin, CD name, gene name) (Supplementary Table S1).




Figure 1 | Schematic overview of the CD Maps workflow. (A) All Phycoerythrin (PE)-conjugated monoclonal antibodies (mAbs) were titrated using mixture of cell lines and peripheral blood leukocytes. Inventory table with all relevant details of individual clones was created. (B) The inventory table serves as a template for the experiment master table (EMT) which lists the details of a particular experiment, e.g. the position of individual mAbs in 96-well plate, experiment name, operator etc. Based on the EMT, an experimental protocol is created with automated calculation of reagent amounts and volumes. (C) Peripheral blood leukocytes were isolated, stained with PE-labeled and backbone mAbs, and acquired on a flow cytometer using the High Throughput Sampler (HTS). Quantibrite-PE beads are acquired in parallel with each experiment. (D) After acquisition and export of fcs files, these were uploaded for online annotation with details from the EMT (such as CD name, gene name, clone, experimental details etc.) introduced as new keywords into each fcs file. (E) The antibody binding capacity (ABC) of each PE marker is calculated on the basis of the Quantibrite-PE bead signal from the PE channel. Defined leukocyte subsets are gated using a pre-defined template for evaluation of expression levels of the PE marker. QC, quality control.



A SOP for leukocyte isolation and antibody labeling in a 96-well plate format was developed, and a website interface was made that allowed for the creation of customized experimental protocols using the EMT and SOP in a printable format (Data Sheet 1). Thus, the position of each PE reagent was assigned to a well of the 96-well plate, printed out and the EMT tables represented the history of the processed experiments.

Dried reagent cocktails in a 96-well plate format were designed, titrated and custom produced to ensure speed, precision and stability of the backbone reagents used for universal gating. After acquisition on the HTS, proper compensation of the PE channel was verified using FMO control wells, and the files were exported as FCS 3.0. Next, the batch of FCS files was processed using a website interface that annotated the FCS files with the set of reagent identifiers from the EMT. Finally, this workflow generated fully annotated FCS files with consistent reagent identifiers, allowing subsequent batch analysis (Data Sheet 2).



Strategy for the Titration of PE Reagents

For accurate quantification of protein expression in ABC, all the PE reagents must be optimally titrated (5). To optimize the procedure for high-throughput processing, a uniform titration protocol was developed using a mixture of defined cell lines corresponding to B and T lymphocytes, plasma cells and monocytes, and fresh human peripheral blood cells. Each cell line was uniquely barcoded with a combination of three intensities of two cell tracking dyes, and their combination ensured that for nearly all reagents, a positive and a negative population was present in a single tube (Figure 2). Individual cell types were identified and electronically gated based on the differential cell tracking dye and light scatter characteristics (Figure 2A), followed by manual selection of positive and negative cell types to evaluate the optimal titer (Figure 2B). The murine cell line 300.19 was used as a universal negative control for the anti-human antibodies. The optimal mAb titer was defined using the following criteria: the positive cell type yielded near maximal intensity (near saturation), and the negative control cell line showed minimal signal background. While titration of CD31, CD38 and CD40 showed a negligible background at the saturation titer, the optimal titer of CD11b was chosen below saturation to keep the background at a low level, reducing false-positive staining results (Figure 2C). Our approach prioritizing accuracy of expression level determination and low false positive cells in template gating was confirmed by Stain Index calculation [with modification by Telford (26)], prioritizing signal to noise resolution that yielded the same titer in three out of 8 mAbs (Data Sheet 3). In the other five mAbs we selected one step lower titer than at maximum Stain index in order to limit the false positive proportion of positive cells in the CD maps dataset, however the impact on resolution and on the expression level was negligible. Although in the case of CD31 and CD38 different intensities of expression are observed among peripheral blood subtypes (Granulocytes vs. Monocytes vs. Lymphocytes) optimal titers do not differ by using either subtype (Data Sheet 4).




Figure 2 | Universal titration procedure for PE-labeled mAbs. (A) Five cell lines (Raji, Jurkat, THP-1, U266 and 300.19) and fresh peripheral blood leukocytes were barcoded using Cell Tracker Dyes (CMAC and Far Red), mixed together and further stained with different amount of PE-labeled mAbs. Lymphocytes, monocytes and granulocytes from peripheral blood were gated based on their FSC and SSC. (B) Histograms show intensity of CD11b-PE (black histogram) and unstained (grey-filled histogram) on gated cell types. Selection of mouse cell line 300.19 as negative (-) and granulocytes as positive (+) cell type is shown (C) Titration plots for CD11b, CD31, CD38 and CD40 on a positive and negative cell type are shown (cell type used is shown above each dot plot). The X-axis depicts the dilution of the indicated PE-labeled mAb, The Y-axis represents the PE signal intensity. A fluorescence minus one (FMO) control is included in each titration plot. The titer of each mAb that was selected for expression profiling is indicated with an arrow.





Backbone Panel Design and Performance Across Laboratories

Following completion of the CD Maps CD1-100 study (15), we identified the need to include additional blood lymphocyte subsets that are of major interest to clinical research and are considered relevant for diagnostics and disease monitoring. Thus, we adjusted the blood innate and adaptive tubes with extension of the fluorescent parameters for the backbone from 7 to 10-11 (Table 1). The innate cell tube was extended with CD117, CD127 and CRTH2 to facilitate the identification of ILC-1, ILC-2 and ILC-3 subsets (27, 28), bringing the total number of innate cell subsets to 12 (Table 2). The lymphoid tube was expanded with CD25, CD127 and CXCR5, enabling the detection of T regulatory cells (Tregs) (29) and Tfh cells (30, 31) with a total of 15 defined cell subsets (Table 2). The detailed gating strategies for the innate and adaptive cell tubes are shown in Figures 3, 4.


Table 2 | Definitions of the leukocyte subsets defined in this study.






Figure 3 | Gating strategy and identification of innate blood cell types. Within total acquired events, first the debris (low FCS) was excluded (top left), followed by doublets (non-linear events on FSC-A vs. FSC-H plot; 2nd plot top row). Subsequently, CD45neg events were removed (3rd plot) as well as CD3 or CD19 expressing cells (4th plot). Within these CD45+CD3negCD19neg innate blood cells, neutrophils were gated on the basis of SSchighCD16+ and eosinophils as SSchighCD16dim events (5th plot middle row). Within the SSclow/med fraction,basophils were defined as SSclow/medCD123+HLA-DRneg and plasmacytoid dendritic cells (pDC) as SSclow/medCD123+HLA-DR+ (4th plot). Within CD123neg myeloid dendritic cells (mDC) were gated as SSclow/medCD123negCD14negCD16negCD11chighHLA-DRhigh (middle panel, 3rd and 1st plot; bottom left plot). Monocytes were gated as SSclow/medCD123negHLA-DR+CD11c+ (middle panel, 3rd plot) and further divided into classical (CD14+CD16neg), intermediate (CD14+CD16+) and non-classical (CD14negCD16+) phenotype (middle panel, left). Within the CD123neg HLA-DRneg (middle panel, 3rd plot) CD14 expressing cells were excluded (middle panel, 2nd plot) and lymphocytes were gated on the basis of SSClow (bottom panel, 2nd plot). Within the SSClow fraction innate lymphoid cells (ILC) were identified as CD127+ (bottom panel, 3rd plot) and further divided into ILC-1 (CD117negCRTH2neg), ILC-2 (CD117negCRTH2+) and ILC-3 (CD117+CRTH2neg) (bottom right). For gating of NK cells CD127+CD56neg cells were excluded (bottom panel, 3rd plot) and finally NK cells were identified as CD56+ and/or CD16+ (bottom panel, 4th plot).






Figure 4 | Gating strategy and identification of adaptive lymphocytes. Within total acquired events, first the debris (low FCS) was excluded (upper left plot) followed by doublets (non-linear events on FSC-A vs. FSC-H plot; 2nd plot upper row). Lymphoid blood cell types were defined as CD45hiSSclow (3rd plot upper row). Gamma delta T cells (Tgd) were gated as T cell receptor (TCR) γδ+CD3+ (4th plot upper row). B cells were identified as CD3negCD19+ (4th plot upper row) and subsequently divided into naive (B naive, CD27negIgD+), nature effector B cells (B nat Eff, CD27+IgD+) switched memory B cells (B sw Mem, CD27+IgDneg) and double negative B cells (Bdn, CD27negIgDneg; upper right plot). T cells were gated as CD3+CD19negTCRγδ- (4th plot upper row) and on the basis of CD4 or CD8 expression divided into CD4 T helper cells (T CD4) and CD8 cytotoxic T cells (T CD8; 4th plot lower row). Within the T CD4 cells follicular helper CD4 T cells (Tfh) were gated as CXCR5+CD45RAneg (3rd plot lower panel), regulatory T cells (Treg) as CD25+CD127neg (2nd plot lower panel). Remaining CD4 T cells (left plot lower row) as well as CD8 T cells (right plot lower row) were subdivided based on CD27 and CD45RA expression to naive (CD45RA+CD27+), Central Memory (CD45RAnegCD27+), Effector Memory (CD45RAnegCD27neg), and Terminal Effector Memory RA+ T cells (CD45RA+CD27neg).



In a previous study, autofluorescence and spreading error limited the sensitivity of the low PE signal because the 488 nm laser was used for measurement (15). Here, we sought to establish the lower limit of detection of the optimized panels using 561 nm laser excitation of PE. Advancing our study from the pilot using 8 fluorochromes (7 backbone + PE marker) to 11 or 12 with PE excitation with a 561 nm laser necessitated using 4 laser conventional flow cytometers. BD LSRII and BD Fortessa instruments were used with similar but not identical detection optics, where one instrument lacked the BV711 detection channel, and samples acquired on that analyzer were not stained with CD56-BV711 in the innate tube. In those samples, NK cells, ILC-2 and ILC-3 (but not ILC-1) were adequately resolved. The minimal ABC resolution was determined as the 90th percentile of the ABC value on the FMO control tube (Table 2). The median level of the minimal ABC resolution across subsets was 396 ABC units (229 to 786, minimum to maximum), and this threshold was used to gate positive events for each evaluated reagent.



Feasibility and Reproducibility of CD Maps Resource Building

The automated procedure and standardized experimental approach were evaluated by expression profiling of four HLDA-approved clones to CD markers. The four CD markers CD11b, CD31, CD38 and CD40 were selected based on their known distinct expression profiles across cell lineages: CD11b is expressed on myeloid cells (32), CD40 is expressed on B cells (33), and CD31 and CD38 show various degrees of expression across myeloid and lymphoid cell subsets (34, 35) but at different intensity levels.

CD11b expression was the highest (evaluated as median ABC) on neutrophils and classical monocytes but was moderately intensive on eosinophils, basophils and intermediate monocytes and lacking on nonclassical monocytes, dendritic cells, NK cells and adaptive lymphocytes (Figure 5A). CD31 and CD38 were expressed on naive CD4 and CD8 T cells. However, although CD38 was absent at later differentiation stages in steady-state T cells, CD31 was also expressed on memory CD8 T cell subsets (Figures 5B). The highest expression of CD31 was found on subsets of monocytes, while neutrophils, eosinophils, basophils and dendritic cells showed threefold lower expression (Figures 5A). All the CD8 T cells were CD31 positive but presented lower levels than myeloid cells, while only naive CD4 T cells showed partly positive expression (Figure 5B). B cells presented a heterogeneous staining pattern with lower intensity (Figures 5B). The highest level of CD38 expression was found on basophils and NK cells (heterogeneous), followed by myeloid dendritic cells (mDC), plasmacytoid dendritic (pDC) and B cell subsets (Figure 5A). CD38 expression was gradually decreased on monocyte subsets along with their maturation. Memory and effector stages of T cells lacked CD38 at steady state. However, among B cells, CD38 expression was heterogeneous, reaching high levels on naive B cells, spreading from negative to high on switched memory and mostly lacking on natural effector B cells. CD40 was expressed on all B cell subsets and absent from all other leukocyte subsets tested. The ABC units allowed for interpretable expression level evaluation, but the patterns did not differ from those observed on PE fluorescence intensity (Data Sheet 5).




Figure 5 | Levels of Antibody Binding Capacity (ABC) on leukocyte subsets. (A) Histograms of expression levels of CD11b, CD31, CD38 and CD40 are shown on innate leukocyte subsets and (B) on adaptive lymphocyte subsets of a representative subject in comparison to fluorescence minus one (FMO) controls. ABC units show expression levels recalculated from PE-antibody conjugates providing a standardized quantification.



Similar patterns of expression were observed for the proportions of positive cells within a certain subset (Data Sheet 6) with several differences. Nearly 100% of ILC3 were CD11b positive, while the expression levels were rather low on the basis of the median ABC. Conversely, on the basis of the median ABC (649), Tfh cells were deemed CD31 negative, while 30% of events within the Tfh cell subset were positive for CD31.

Parallel evaluation of the procedure at three centers demonstrated highly similar results. For each PE reagent, we chose to closely examine one cell subset. The expression of CD40 on naive B cells (median ABC: 2963; IQR: 1420), CD38 on monocytes (median ABC: 14049: IQR: 1912) and CD31 on naive CD8 T cells (median ABC: 6813; IQR: 4242) was comparable across donors and sites (Figure 6). In contrast, CD11b (median 84100: ABC; IQR: 76212) showed site-dependent variation that was explained by the sample source. In the general CD Maps protocol, a buffy coat was used; however, the limited availability of a buffy coat forced one laboratory to use peripheral blood, which accounted for the difference (Data Sheet 7). The expression of CD11b on neutrophils isolated from freshly drawn peripheral blood (median ABC: 16614; IQR: 8320) is 5x lower compared to neutrophils isolated from buffy coat (median ABC: 94590; IQR: 33437).




Figure 6 | Expression variability of markers between donors and labs on selected cell subsets. Histograms of expression levels in ABC units of CD11b on neutrophils, CD31 on naive CD8+ T cells, CD38 on classical monocytes and CD40 on naive B cells from nine donors across three laboratories. The histogram color reflects particular laboratory.



Comparison of the three different donors analyzed in each laboratory showed highly similar results: the mean coefficient of variation (CV) reached 30% (Min: 1%; Max: 111%). The inter-laboratory mean CV was 55% (Min: 4%; Max: 137%). Full details are in the Supplementary Table S2.

Although aggregated expression data over all subsets and all donors provided a complete picture (Figure 7), the histogram distribution of measured single cells allowed us to explain greater heterogeneity of the median ABC values for subsets with heterogeneous (CD11b on B cells) or bimodal (CD31 on naive CD4 T cells) expression (Figure 5).




Figure 7 | Median expression levels on all subsets in all donors. Boxplots showing expression levels in ABC units of CD11b, CD31, CD38 and CD40 on 27 leukocyte subsets ordered from cell subset with lowest expression of the particular marker to cell subset with highest expression of particular marker.



To further evaluate the reproducibility of the ABC data, we compared the currently measured data to the CD Maps pilot study for the four CDs (Supplementary Table S3). For the cell subsets depicted in Figure 6, the CD11b median ABC was 1.2-fold higher in the current study on neutrophils (the same Ab clone was used but different vendors), the CD31 median ABC was 1.12-fold higher (on CD8 naive T cells; MEM-05 vs. WM59 clone using different vendors), the CD38 median ABC was 1.5-fold lower (on monocytes; using the same clone and vendor, but a titer 4 times lower), and the CD40 median ABC was 1.8-fold lower in the current study (on naive B cells; using the same clone but different vendors). Taken together, the differences in ABC expression levels between the current and CD Maps pilot study (15) were less than twofold.



Reactivity Benchmarking of Multiple mAb Clones Targeting the Same CD Marker

An important application of the CD Maps resource will be selecting appropriate mAb clones. Although all mAb clones that were validated in previous HLDA workshops will have similar expression patterns, their expression levels were not quantitatively defined, with the potential to show substantial differences. To address this issue, we applied our experimental setup with quantitative expression in ABC units to four CD3 mAb clones. These four clones were first titrated on lymphocytes, and highly different titration curves were observed, although all were reactive to the same target protein on T cells. The titration curve of the TB3 clone showed a prolonged plateau and was shorter for UCHT1 and SK7, and the expression levels of MEM-57 were decreased (Figure 8A).




Figure 8 | Comparison of performance of four CD3 clones. (A) Titration curves of four CD3 clones depicted as dotplots on gated lymphocytes with reagent titers ranging from 1/5 to 1/1600 (ratio of reagent volume within the total staining volume). The selected optimal titer is highlighted with a red circle. (B) Histograms of expression levels of CD3 measured with four different antibody clones are shown on B and T cell subsets. (C) ABC levels of four CD3 antibody clones on naive CD4, naive CD8 and TCRγδ+ T cells from three donors.



Following optimal titer selection, all four clones were investigated in the context of the adaptive cell tube. As expected, all four clones were specifically reactive to all T cell subsets and did not stain any of the B cells (Figure 8B). However, within the T cell subsets, we observed quantitative differences depending on the mAb clone. T cell receptor (TCR) γδ+ T cells showed higher expression levels of CD3, a finding that was consistently observed for all four clones (from 71620 to 85479). Three clones (SK7, UCHT1 and TB3) showed similar levels of CD3 expression on naive CD4 T cells (71079, 71419, 80876 ABC units) and naive CD8 T cells (47735, 49610, 51909 ABC units, respectively). By contrast, the MEM-57 clone yielded lower CD3 expression levels for both CD4 (33540 ABC) and CD8 (20745 ABC) T cells (Figure 8C). These results suggest that the CD3 epitope recognized by MEM-57 is less accessible on TCRαβ+ T cells, resulting in lower measured ABC. Thus, the MEM-57 clone enables the distinction of TCRαβ+ from TCRγδ+ T cells based on the CD3 expression intensity. However, the titration characteristics make MEM-57 suboptimal for CD3 expression quantification. The surface expression levels of CD3 on T cell subsets can be reproducibly quantified using three independently developed CD3 clones (SK7, UCHT1 and TB3) across measured donors.




Discussion

Here, we demonstrate a high-throughput procedure for the expression profiling of surface antigens on 27 leukocyte subsets that is standardized across global laboratories for accurate quantification. This optimized procedure overcomes previous limitations observed in the CD Maps pilot project mapping the expression of CD1 to CD100 (dynamic web resource at hcdm.org) as follows (15): 1) Expansion of backbone markers enabled the distinction of additional T cell subsets (Treg and Tfh) and innate lymphoid cells (ILC-1, ILC-2 and ILC-3); 2) a universal titration procedure was adopted for each PE marker, improving the quantitation and 3) excitation of PE from the 561 nm laser led to increased sensitivity to markers with low expression levels. The procedure presented here will now facilitate re-evaluation of all approved CD markers (CD Maps) and validation of new mAbs for CD marker designation in HLDA workshops.

The same surface markers were used to define the leukocyte subsets that were previously defined in the CD Maps pilot project except for IgM. Thus, the definition for naive and natural effector B cells was slightly different. Because all naive B cells (CD27negIgD+) express IgD, these cells and natural effector B cells (CD27+IgD+) were hardly affected (36, 37). The current approach will have left IgM-only memory B cells (CD27+IgM+IgDneg) in the CD27negIgDneg population, making this a mixture of unswitched and switched memory B cells (38).

The definition of DC subsets relies on excluding CD3+, CD19+, CD14+ and CD16+ cells, high HLA-DR expression and subdivision of CD123+ (pDCs) and CD11c+ (mDCs) (39, 40), while additional markers can be used to identify and separate myeloid DCs into two finer subsets (conventionalDC1: CD141, CD370 and conventionalDC2: CD1c, CD301) (39, 41).

For T cell subsets, we used CD45RA and CD27 to resolve the naive (CD45RA+CD27+) and central memory (CD45RAnegCD27+) stages from the effector memory (CD45RAnegCD27neg) stage, in accordance with the definition strategy used by the EuroFlow group for human primary immunodeficiency (42–44). The advantage of this approach is that CD27 can be used for subsets of B cells and T cells, making the antibody backbone simpler. Furthermore, sample processing and antibody clone selection was reported as a source of false negative staining with CD62L and CD197 respectively (6). Although CD62L and CD197 delineate the same cells as naive cells (44), they delineate a small but consistent population of transitional effectors (CD27+CD62LnegCD197neg) (45), a population that is blended to central memory in our dataset. Effector memory (EM) and terminal effector memory (TEMRA) stages contain further subsets of early, intermediate and late stages defined by CD28 expression (42) and correlate with the chronic carrier status of Cytomegalovirus and Epstein-Barr virus (46, 47). Because expanding the knowledge of T cell subsets by polychromatic cytometry has led to identification of new functional subsets (48), subsets defined by checkpoint inhibitors (49) or tissue-specific subsets (28) at a fast pace, our simplified subset definitions may yield heterogeneous expression signals on some subsets containing finer subtypes, but the general description will be true and useful nonetheless.

Detection of the PE signal from excitation with the 561 nm laser in the current study improved signal sensitivity because of decreased autofluorescence of leukocytes and reduced the data spread from decreased spillover of the FITC reagent, as expected (50). These two effects combined led to a decreased background on myeloid subsets (384 ABC units) and allowed for more reliable detection of low-expressing markers than we had previously observed in the CD Maps pilot study (background of 1026 ABC units) (15).

We have addressed an important issue of proper titration (5) by building a uniform titration protocol, where we added cell lines representing leukocyte types and peripheral blood cells to allow for proper titer estimation. Our approach was specifically designed for mAbs submitted for 11th HLDA workshop and the CDmaps2 project. Although most antigens targeted in this study are expressed at sufficient levels on peripheral blood cells, other known markers such as activation markers (CD25, CD54, CD69 or CD80) are expressed at very low levels or small subsets but are expressed on the selected cell lines. Other cell lines may be appropriate for titration, when the surface markers investigated will include markers expressed solely on stem cells, platelets, or endothelial cells. Because nonspecific staining is a problematic aspect of antibody reagent binding at given concentrations, we used a mouse cell line to ensure the presence of a negative cell type that can be easily evaluated. We selected titers that balance the following two objectives: 1) mAb staining was near saturation to provide accurate ABC measurement and achieve reproducibility; 2) minimal background fluorescence on defined negative cells allow the specific quantification of target molecules with low levels of expression. The titration curves of the four CD3 clones illustrated that they depend highly on whether the mAb clone titer is an ideal balance of these two objectives, demonstrating the need to select the right mAb clone for the experimental objective.

Large-scale expression profiling studies involve an extensive experimental setup, with expansion of the backbone from 7 to 10-11 colors in our study, resulting in added experimental complexity. To optimize the sample preparation procedure, a dried antibody backbone mixture was custom produced in 96-well plates. This allowed fast and robust sample staining of batches of 96-well plates and high interlaboratory data comparability due to limited pipetting errors.

Another challenging aspect of CD Maps resource is the handling of large datasets. This issue was addressed using R-project scripts presented via the Shinny interface to annotate (clone names, titers, and manufacturers) the acquired measured FCS files.

To accurately quantify surface molecule expression and visualize intercell and interindividual variation, the technical variability must be minimized. Here, we build on previous expertise obtained from the CD Maps pilot study (15) with further refinement of titration and PE excitation. Compared with the CD Maps pilot project, we reached similar quantitative results for CD11b, CD31, CD38, and CD40. Comparable results were achieved despite using specimens from different donors, acquisition 5 years later using new instrumentation, different staffing and PE reagents obtained from different vendors (3 of four different) highlighting the robustness of the standardization procedure. This finding agrees with the long-term experience of the EuroFlow consortium, where reproducible signal intensity measurement is achievable using thorough standardization (51) and is exploited for quality assessment purposes applied worldwide (52). Thus, the EuroFlow consortium can use CD marker reagents from different vendors with comparable intensity measurements (18). Of the markers tested here, CD3 and CD38 are currently used in EuroFlow QA.

However, preanalytical sample handling procedures can alter the expression level of particular surface molecules on granulocytes (53). Here, we observed a 4.5-fold increase in CD11b ABC after processing buffy coat samples compared with freshly drawn peripheral blood cells; additionally, CD11b can increase with activation or with density gradient isolation (54). Lymphocyte subsets generally show higher stability of expression than myeloid subsets with prolonged storage; however, specimens measured within 24 h after the blood draw maintain stable expression (55).

Evaluating the surface expression and reagent performance at the level of defined subsets provides an opportunity to reach reproducible readouts for markers with complex expression profiles (e.g., uniform CD38 positivity on monocytes but heterogeneous expression on unselected leukocytes) (5). Furthermore, the comparison between four CD3 clones demonstrates that quantitative differences in the ABC exist among clones, in which three CD3 clones reach very similar ABC values, while one clone consistently differs on TCRαβ+ subsets. Thus, extension of the CD Maps project from one representative reagent against each CD to multiple (all available) reagents is warranted, providing reactivity benchmarking. Meaningful ABC evaluations must, however, be performed on correctly titrated antibody conjugates.

In conclusion, we have developed and optimized a method for reproducible, high throughput evaluation of CD marker expression on 27 human peripheral blood subsets. Its primary use is for the completion of the CD Maps project, aiming to quantitatively profile the expression of all surface molecules assigned with CD nomenclature within all 10 historical HLDA workshops. Furthermore, this method will be applied to evaluate reactivity of all newly submitted reagents within the current 11th HLDA workshop. The robust and standardized nature of our procedure will enable benchmarking the reactivity of PE-conjugated antibody reagents (new or established). These implementations will provide the CD Maps resource managed by HCDM.org with representative reagents to all CD markers, and it will catalog all submitted reagents against that CD target, thereby providing the community with an experimental benchmarking platform in a structured and searchable format.
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Dengue is among the most rapidly spreading arboviral disease in the world. A low-cost, easy to use point-of-care diagnostic tool for the detection and differentiation of dengue virus serotypes could improve clinical management, disease prevention, epidemiological surveillance, and outbreak monitoring, particularly in regions where multiple serotypes co-circulate. Despite widespread deployment, no commercial dengue antigen diagnostic test has proven effective in differentiating among dengue virus serotypes. In the current study, we first established mAb pairs and developed a multiplex lateral flow immunoassay for the simultaneous detection of the dengue viral NS1 antigen and identification of serotype. The proposed system, called Dengue serotype NS1 Multiplex LFIA, provides high sensitivity and specificity. In testing for JEV, ZIKV, YFV, WNV, and CHIKV, the multiplex LFIA gave no indication of cross- reactivity with cell culture supernatants of other flaviviruses or chikungunya virus. In analyzing 187 samples from patients suspected of dengue infection, the detection sensitivity for serotype D1 to D4 was 90.0%, 88.24%, 82.61%, and 83.33% and serotype specificity was 98.74%, 96.13%, 99.39%, and 97.04%, respectively. Our multiplex LFIA can also identify mono- and co-infection of different serotype of dengue viruses in mosquitoes. The proposed Multiplex LFIA provides a simple tool for the rapid detection of dengue serotypes and in the differential diagnosis of fever patients in regions where medical resources are limited and/or multiple DENVs co-circulate.
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1 Introduction

Dengue is the most common arboviral disease afflicting human beings. Dengue viruses are transmitted by mosquitoes of the genus Aedes (Aedes aegypti and Aedes albopictus). The disease is endemic in many tropical and subtropical regions (1–4), and has been observed expanding into new areas under the effects of climate change, land-use change, and urbanization (5–9). The four dengue virus serotypes are closely related and co-circulated globally (9, 10); however, they are distinct at the genetic and amino acid levels (11). The pathological outcome of severe dengue depends largely on the balance between viral factor and the genetic and immunological background of the host (3, 12). The factors associated with the risk of developing severe dengue include DENV infection with particular serotype, genotype, clade, or strain (13–15), the sequence of DENV serotype infections (13, 16), pre-existing intermediate anti-DENV antibodies titer (17, 18), and the timing between DENV infections (17, 19, 20). Dengue virus serotypes also differ in terms of virulence, disease severity, and epidemic capacity (15, 21–23). It appears that the genetic makeup of the host as well as their age, sex, and nutritional status also affect infection outcomes and disease severity (24). Infection with one serotype can confer lifelong homotypic immunity, but only maintains 2-3 months transient cross-protection against heterologous serotypes (17, 25). Cross-reactive antibodies or sub-neutralizing concentrations of antibodies binding to hetero-serotype dengue virus increase the risk of severe dengue disease (17, 18, 26). This mechanism can be explained by antibody-dependent enhancement (ADE), which is limited to a narrow range of pre-infection cross-reactive antibody titers (17).

Diagnosis is crucial to clinical management, prevention, and surveillance. In diagnosing dengue, clinicians cannot rely entirely on clinical manifestations, due to similarities with other acute febrile illnesses (3, 27). The selection of assay method depends largely on the stage of dengue infection. Within 0-5 day post-onset of symptoms (POS), dengue can be diagnosed via virus isolation, the detection of viral RNA using real-time RT-PCR, or the detection of viral antigens (e.g., NS1) via ELISA or rapid testing (28, 29). Molecular testing provides high sensitivity and specificity; however, molecular assays require a laboratory with specialized equipment, expensive reagents, a cold chain to maintain enzyme activity, and a trained operator to perform analysis (30–33). In dengue-endemic areas, limited molecular testing capacity can delay the acquisition of diagnostic results. Anti-DENV IgM antibodies can be detected at five days after fever onset, and anti-DENV IgG antibodies generally appear in low concentrations in cases of primary infection. However, in cases of secondary infection, anti-DENV IgG antibodies appear as early as three days post infection and titers rise rapidly after fever onset. The IgM/IgG ratio can be used to differentiate between primary and secondary infections. In dengue-endemic regions, antibody persistence from previous infection often makes it difficult to differentiate between earlier and current infections. Such cases require paired sera samples to detect seroconversion and confirm infection with dengue (30, 32, 33). Furthermore, serology assays cross react with a number of flaviviruses, such that they are unable to distinguish dengue virus serotypes and other flaviviruses (30, 34). Nonetheless, the low throughput of virus isolation, RNA detection and neutralization test renders this approach time-consuming, costly, and labor-intensive. The viral NS1 protein secreted from dengue virus-infected cells is present in early disease stages and can be detected in the blood for more than nine days after disease onset (30). NS1 testing requires only a single sample and eliminates the need for high-tech equipment. Note however that commercial ELISA and rapid tests vary widely in terms of sensitivity and specificity (30, 32, 33). The WHO TDR (Special Programme for Research and Training in Tropical Diseases) lists the benefits that a dengue test should ideally provide, including the ability to distinguish between dengue and other diseases with similar clinical presentations, high sensitivity, applicability during the acute phase of infection, rapid results, low-cost, ease of use, and stability at temperatures exceeding 30°C (30). At present, no commercial dengue NS1 point-of-care test kit is able to identify the serotypes of DENV-infection (28, 34–37); although, a number of systems with this function are currently in the development phase (38).

In a previous study, we reported an ELISA kit for the detection of dengue viral NS1 and the differentiation of dengue virus serotypes during the acute phase (39). In the current study, we used monoclonal antibodies to develop a point-of-care diagnostic assay based on immunochromatography, called the Dengue serotype NS1 Multiplex LFIA. The proposed system is inexpensive, user-friendly, and does not require sophisticated laboratory equipment. The multiplex LFIA detects the NS1 antigen of dengue virus and identifies the serotype by pairing a serotype-cross-reactive monoclonal antibody (mAb) with one of four serotype-specific mAbs. The Dengue serotype NS1 Multiplex LFIA developed in this study can be used to identify the specific dengue virus serotype causing the infection. The proposed system has also proven effective in distinguish the dengue virus from other flaviviruses and chikungunya viruses in clinical serum samples as well as in detecting instances of co-infection with two dengue virus serotypes in mosquitoes. This multiplex LFIA can be stored for a prolonged period in the field without the need for refrigeration. The proposed rapid test has completed the development and manufacturing stages of production. The proposed multiplex LFIA provides a useful tool for the epidemiological surveillance of circulating serotypes in acute dengue patients and infected mosquitoes, particularly in regions where medical resources are limited and/or multiple DENVs co-circulate.



2 Materials and Methods


2.1 Study Design

Our objective in this study was to develop a low-cost Dengue NS1 antigen LFIA for the detection of dengue virus and serotype identification. Applying the proposed DENV NS1 LFIA to a given serotype involved pairing one serotype-cross-reactive monoclonal antibody (conjugated using colloidal gold nanoparticles) with one of four serotype-specific monoclonal antibodies on an immobilized nitrocellulose membrane. Detection limits were defined using immunoaffinity-purified DENV NS1 proteins obtained from cell culture media of Vero cells infected with DENV1, 2, 3, or 4. Cross-reactivity was verified using cell culture supernatant from Vero cells infected with DENV1, 2, 3, or 4 or with Japanese encephalitis virus (JEV), Zika virus (ZIKV), West Nile virus (WNV), Yellow Fever 17D (YFV), or Chikungunya virus (CHIKV). Diagnostic performance was evaluated using clinical samples collected from suspected dengue-infected febrile patients and confirmed cases of dengue reported to the Centers for Disease Control, Taiwan. Serum samples were pre-validated using molecular, antibody, and/or dengue NS1 antigen ELISA tests. We compared the performance of DENV serotype NS1multiplex LFIA and reference tests in terms of sera identification. We also evaluated the feasibility of using DENV serotype NS1multiplex LFIA to detect and differentiate DENV serotypes from mosquitoes intrathoracically infected mono/or co-infected with DENVV1-4 or infected JEV, ZIKV, WNV, YFV, or CHIKV.



2.2 Virus

Eight dengue virus strains (DENV1 Hawaii, DENV2 16681, DENV3 H87, DENV4 H241, DENV1 8700828, DENV2 454009, DENV3 8700829, and DENV4 8700544), JEV SA14-14-2 strain, ZIKV ATCC VR 1843 strain, West Nile ATCC VR1510 strain, Yellow Fever 17D strain, and Chikungunya virus 0706aTw strain (Indonesia/0706aTw/2007/FJ807897) were propagated in Vero cells that had been incubated in RPMI 1640 medium containing 2% FBS at 37°C for 2 to 5 days. All viral titers were determined via plaque assays from Vero cells. NS1 proteins from the supernatant of Vero cells infected with DENV1-4, JEV, ZIKV, WNV, and YFV were then detected using Western blot analysis with anti-flavivirus mAb D2 8-1 as the primary antibody, see Supplementary Figure 1.



2.3 Preparation of Monoclonal Antibodies

The hybridoma cells in this study were generated as described previously (39). Briefly, spleen cells from mice immunized with NS1 proteins of DENV1-4 were fused with NSI/1-Ab4-1 myeloma cells. Hybridoma cell lines that secreted specific antibodies against NS1 were identified via indirect ELISA using purified DENV NS1 as the coating antigen for each serotype. Positive hybridomas were cloned via limiting dilution. The mAbs were isotyped using a commercial mouse monoclonal antibody isotyping kit (IsoStripTM, Roche, Mannheim, Germany). Ascitic fluid was generated by intraperitoneally injecting pristine-primed mice with hybridomas. The mAbs were then purified from the ascitic fluid using a protein G-sepharose column (HiTrap protein G, GE Healthcare, Uppsala, Sweden) in accordance with the manufacturer’s instructions.



2.4 Antibody Selection for Lateral Flow Immunoassay

A total of 136 antibodies were harvested from hybridoma cell lines generated by immunizing mice with the viral NS1 antigen, as reported previously (39). The initial characterization of mAbs was performed via Western blot analysis of protein lysates from dengue virus-infected C6/36 cells as well as enzyme-linked immunosorbent assay (ELISA) involving individual serotype immunoaffinity-purified NS1 proteins. Candidate mAbs were tested both as capture and detection antibodies for all dengue virus serotypes using a standard capture ELISA procedure. Briefly, 96-well plates (Nunc Immuno Maxisorp, Thermo, Roskilde, Denmark) were coated with candidate mAbs and incubated overnight at 4°C. The wells were subsequently blocked using blocking buffer (PBS, 0.05% Tween, 5% skim milk) at 37°C for 1 h and then washed using wash buffer (PBS, 0.05% Tween). Viral culture supernatant or NS1 proteins were then serially diluted using blocking buffer, added to the wells, and incubated at 37°C for 1 h. The plates were washed before adding 100 μl of 0.8 μg/ml of potential mAbs-HRP to incubation at 37°C for 1 h. The microwell plates washed once again before adding 100 μl of TMB reagent followed by incubation at room temperature for 10 min. The reaction was stopped using 100 μl of 1 N sulfuric acid, whereupon the absorbance was read at 450 nm using a microplate auto reader. Serotype-specificity and limits of detection were assessed by testing each of the selected mAb combinations.



2.5 Development of DENV NS1 Multiplex LFIA for Serotype

Selected pairs of anti-DENV NS1 antibodies (mAb82-1.1 as a gold-labeled antibody as well as mAb51-1.1, 33-7.1, 43-1.3, and 22-1.5 as capture antibodies) were assembled as a strip plus cassette in LFIA format (Trison Technology Corporation, Taiwan, R.O.C).


2.5.1 mAbs Conjugated to Colloidal Gold

Forty-nanometer colloidal gold nanoparticles were purchased from Tripod Nano Technology Corporation (Taiwan, R.O.C.). The mAb82-1.1-colloidal gold conjugates were prepared as follows. The antibodies were first diluted in a solution containing 2 mM Borax (pH 8.2). A mixture of 1 mL diluted mAb82-1.1 and 9 mL colloidal gold was incubated under gentle rotation (6 rpm) at room temperature for 20 min to allow the adsorption of mAbs onto the surface of the colloidal gold. To halt the coupling reaction, 1 mL of 10% BSA was added to the mAb82-1.1-colloidal gold mixture prior to incubation under gentle rotation (6 rpm) at room temperature over a period of 20 min. The unbound mAbs were then removed via centrifugation at 6,000 x g for 30 min. The supernatant was discarded and the resulting pellet was re-suspended in 1 mL of 2 mM borax (pH 8.2). This mixture was then centrifuged at 6,000 x g for 30 min. Following the removal of the supernatant, the pellet was resuspended in 1 mL of 0.1 M Tris-buffer (pH9.6) containing 22% sucrose, 2% BSA, 5% Trehalose and 1% casein, and then stored at 4°C.



2.5.2 Assembly of DENV Serotype NS1 Multiplex LFIA

The immunochromatographic strip included four components: A sample pad (GL-b01, GL-b02), a conjugate pad (GL0194, Ahlstrom 8964, Ahlstrom 6613), a nitrocellulose membrane (Sartorius CN 140, PALL Vivid 170), and an adsorption pad (JY-X117). Goat anti-mouse IgG antibodies and four mouse anti-DENV specific antibodies (mAb51-1.1, 33-7.1, 43-1.3, 22-1.5) were separately applied to the nitrocellulose membrane for use as control and test lines, respectively. The nitrocellulose membrane was then dried at 40°C for 10 min to fix the antibodies. The mAb82-1.1-colloidal gold conjugate was sprayed onto the conjugate pad and then lyophilized with Freeze Dryer (FD12-5S; KINGMECH SCIENTIFIC CO., LTD., Taiwan). The condenser temperature was maintained at -60°C with the drying chamber maintained under vacuum of less than 10 Pa throughout the lyophilization process. The mAb82-1.1-colloidal gold conjugate pad was lyophilized for 8 h. The sample pad, pretreated conjugate pad, nitrocellulose membrane, and adsorption pad were pasted onto a backing card (300 mm×60 mm). Using a strip cutter, the resulting sheet was cut into 4 mm-wide strips, which were then assembled to form cassettes and stored under dry conditions until use.



2.5.3 Test Procedure

LFIA implementation (i.e., manufacturer’s instructions) is outlined in the following (1). The test cassette and specimens were brought to room temperature (2). The test cassette was removed from the sealed foil pouch and placed on a flat and dry surface (3). 20 μL of running buffer (1% Trion X-100, 0.5% casein in 2mM borax) was added to the sample well. (4) 80 μL of specimen was added to the sample well and timing was begun. (5) The results were read by naked eye at 15 min. Results were not considered after 20 min.




2.6 Sensitivity Assay of DENV Serotype NS1 Multiplex LFIA

Sensitivity assays for antibody pairs involved measuring serially diluted immunoaffinity-purified DENV1-4 NS1 proteins (500, 250, 125, 62.5, 31.25, 15.625, and 7.812 ng/mL) for chromatographic presentation on the LFIA. The detection process was completed within 15 min, and the results were inspected visually.



2.7 Evaluating the Specificity of the DENV Serotype NS1 Multiplex LFIA Using Different Virus Culture Supernatants

Samples of cell culture supernatant from Vero cells infected with each virus (DENV1-4, JEV, ZIKV, WNV, YFV, and CHIKV) were used to confirm the specificity of the Dengue serotype NS1 multiplex LFIA via testing in triplicate. All virus titers ≧ 10^5 PFU/mL were tested using the LFIA in accordance with the manufacturer’s instructions.



2.8 Clinical Serum Samples and Laboratory Diagnosis

A total of 187 clinical serum samples were used for assessment. All clinical serum samples were collected during the acute phase (1-7 days after illness onset). In all cases of dengue detection in Taiwan, the Center for Disease Control (Taiwan CDC) must be notified including the submission of human serum samples. Taiwan has implemented a fever screening program at airports for the importing various infections including dengue fever. The another surveillance of dengue infection is based on a hospital-based reporting system tasked with notifying health authorities of all cases of dengue. The Taiwan CDC provided serum samples collected during 2016-2020, as follows: 91 dengue-confirmed serum samples, 5 Japanese encephalitis-confirmed serum samples, 3 Zika-confirmed serum samples, 5 chikungunya-confirmed serum samples, and 10 other febrile illness samples. The screening routine employed by the Taiwan CDC involves SYBR Green I-based quantitative one-step real-time multiplex RT-PCR assay for the differential diagnosis of various flaviviruses and chikungunya virus (40–42). In this study, DENV infection was defined as a febrile illness confirmed through the detection of DENV RNA via reverse transcription-polymerase chain reaction (RT-PCR), the detection of DENV NS1 antigens, and/or the detection of DENV-specific IgM/IgG enzyme-linked immunosorbent assay (43). The other 73 samples of suspected dengue infection used in this study were collected from three hospitals during 2016-2019 (Kaohsiung Armed Forces General Hospital, Zuoying Branch of Kaohsiung Armed Forces General Hospital, and Tangshan Branch of Kaohsiung Armed Forces General Hospital). The study protocol was approved by the Kaohsiung Armed Forces General Hospital Institutional Review Board (IRB no. KAFGH 104-048). One-step SYBR Green I-based real-time RT-PCR was performed using two sets of consensus primers, with one primer set targeting a region on the C gene to detect all flaviviruses and the other primer set targeting a region on the C gene to detect all DENV serotypes. The DENV serotypes of the positive results were then confirmed via DENV serotyping using four sets of serotype-specific primers targeting the C gene (40). DENV NS1 antigens were detected in clinical serum samples using the commercial Platelia Dengue NS1 AG ELISA kit (Bio-Rad, Marnes-la-Coquette, France) and/or ELISA for DENV NS1 serotyping (39). E/M-specific IgM and IgG capture enzyme-linked immunosorbent assays were used to detect DENV-specific IgM and IgG antibodies (43).



2.9 Using Dengue Serotype NS1 Multiplex LFIA to Detect DENV in Infected Mosquitoes

Colonized Aedes aegypti (Kaohsiung strain) were maintained under relative humidity of 80% at 28°C with a 16 h light/8 h dark cycle. Adults were provided 5% sucrose solution ad libitum. Laboratory mono-infection of Aedes aegypti was implemented as follows. One group of 5 female mosquitoes was intrathoracically inoculated with 0.1 μL of viral stock at a titer of (DENV1 8700828 strain: 5*10^6 PFU/mL, DENV2 454009 strain: 8*10^5 PFU/mL, DENV3 strain 8700829: 3*10^5 PFU/mL, DENV4 8700544 strain: 5*10^5 PFU/mL, JEV: 10^8 PFU/mL YF-17D 7*10^7 PFU/mL, WNV: 5.5*10^7 PFU/mL, CHIKV: 9*10^7 PFU/mL). Laboratory co-infection of Aedes aegypti was implemented as follows. One group of 5 female mosquitoes was intrathoracically inoculated with 0.1 μL of two equal-volume viral mixtures (D1+D2, D1+D3, D1+D4, D2+D3, D2+D4, and D3+D4). Five days after injection, mosquitoes were anesthetized and placed in 1.5 mL Eppendorf tubes sorted at -80°C. Each group of single mosquitoes was individually homogenized in 0.4 mL of PBS containing 1% NP40 for the detection of NS1 antigens using Dengue serotype NS1 Multiplex LFIA and the simultaneous extraction of viral RNA from the remaining lysate using QIAamp Viral RNA kit (Qiagen, Hilden, Germany) in accordance with the manufacturer’s instructions. cDNA was generated from RNA samples using the random primer by Superscript IV Reverse Transcriptase Kit (Thermo Fisher) at 50°C for 20 min and at 80°C for 10 min. PCR assays were performed in 50μl of reaction mixture containing 5μl of sample cDNA, 25μl of 2X PCR master mix (Thermo Fisher), and each of the specific primer pairs. PCR condition was as follow: 94°C for 2 min, then 30 cycles at 94°C for 30 s, 55°C for 30 s, 72°C for 30 s, and 72°C for 5 min. After amplification, a 10 μL aliquot of each product was analyzed via agarose gel electrophoresis. The sequence of primer pairs and the size of PCR-amplified DNA are listed in Supplementary Tables 1 and 2.



2.10 Statistical Analysis

The performance of the proposed dengue serotype NS1 multiplex LFIA in terms of serotyping sensitivity and specificity was compared with the summed results of RT-PCR, the dengue virus-specific IgM/IgG capture ELISA, and Dengue NS1 AG ELISA kit. The diagnostic accuracy, sensitivity, and specificity and the corresponding 95% confidence intervals (CI) for Dengue serotype NS1 Multiplex LFIA werwe determined using GraphPad Prism (version 7.0) software (GraphPad Software, San Diego, CA), where a p value of <0.05 indicated results of statistical significance.




3 Results


3.1 Antibody Selection for DENV Serotype NS1 Multiplex LFIA

In a previous study, 136 hybridoma cell lines were generated to produce anti-DENV NS1 monoclonal antibodies (39). Among the potential monoclonal antibodies, indirect ELISA, Western blot analysis, and dengue NS1 capture ELISA for serotype were used to select 10 antibodies, including 2 mAbs against DENV1-4 NS1 (serotype-cross), 2 mAbs against D1 NS1 (DENV1-specific), 2 mAbs against D2 NS1 (DENV2-specific), 2 mAbs against D3 NS1 (DENV3-specific), and 2 mAbs against D4 NS1 (DENV4-specific). The relative dengue NS1 capture ELISA for serotype values provided an initial assessment of detection performance in differential pairing. The DENV-group mAbs were used as capture antibodies for pairing with four serotype-specific mAbs. This selection was based on inter-serotype specificity and sensitivity. Finally, the following antibodies were selected to develop the multiplex LFIA: mAb 51-1.1 (DENV1-specific), mAb 33-7.1 (DENV2-specific), mAb 43-1.3 (DENV3-specific), mAb 22-1.5 (DENV4-specific), and mAb 82-1.1 (serotype-cross reactive). The five monoclonal antibodies underwent paired immunochromatographic analysis based on the serotype-cross reactive mAb conjugated with gold nanoparticles and four serotype-specific mAbs adsorbed on nitrocellulose membranes. The characteristics of the five mAbs are listed in Table 1.


Table 1 | Characterization of reactions between mAbs and DENV NS1 proteins.





3.2 DENV Serotype NS1 Multiplex LFIA

Our objective was to develop and validate a low-cost multiplex LFIA for the detection of DENV NS1 and the serotyping of dengue virus by pairing a serotype-cross-reactive monoclonal antibody (mAb82-1.1) with one of four serotype-specific mAbs (mAb 51-1.1, mAb 33-7.1, mAb 43-1.3, and mAb 22-1.5) to enable the detection of NS1 antigens and identification of DENV serotypes. We developed this device (Trison Technology Corporation Taiwan, R.O.C) to produce a multiplex LFIA using manufacture facilities that surpass national manufacturing standards. Serotype-cross-reactive mAb82-1.1 conjugated with colloidal gold and serotype-specific mAbs was immobilized on nitrocellulose membranes. Each strip contained two test lines. Strip one: DENV1-specific mAb 51-1.1 immobilized on T1 and DENV4-specific mAb 22-1.5 immobilized on T2; Strip two: DENV2-specific mAb 33-7.1 immobilized on T1 and DENV3-specific mAb 43-1.3 immobilized on T2, as shown in Figure 1. Anti-mouse IgG secondary antibodies were immobilized on the C-line for the capture of colloidal gold - mAb82-1.1-NS1 complex and colloidal gold -mAb82-1.1 conjugates. Images showing the design of the Dengue serotype NS1 multiplex LFIA device are presented in Figure 2A. When specimens containing the NS1 antigen were placed in the well, the DENV1-4 NS1 antigen reacted with the mAb82-1.1-colloidal gold to form NS1 antigen-antibody-colloidal gold complex. The complex was then captured by immobilized dengue serotype-specific mAbs. We performed chromatographic analysis on the multiplex LFIA using cell culture supernatants from Vero cells infected with DENV1-4. DENV serotype 1 positive result: Both the control line and D1 test line appear, and the remaining test lines are invisible; DENV serotype 2 positive result: Both the control line and D2 test line appear, and the remaining test lines are invisible; DENV serotype 3 positive result: Both the control line and D3 test line appear, and the remaining test lines are invisible; DENV serotype 4 positive result: Both the control line and D4 test line appear, and the remaining test lines are invisible. Images of the above results are presented in Figure 2B. Negative: Only control lines appear; i.e., the absence of D1 to D4 lines indicates negative results (Figure 2C). Invalid: No control line appears, thereby necessitating re-testing using a new test kit.




Figure 1 | Schematic illustration showing Dengue serotype NS1 multiplex LFIA, comprising the following elements: Sample conjugation pad, membrane with immobilized antibodies, and absorption pad.






Figure 2 | Photographs showing Dengue serotype NS1 multiplex LFIA: (A) Blank; (B) positive for DENV1-4 NS1 proteins, with colored band corresponding to the band at the test line; and (C) negative for DENV1-4, with bands at the test line (T) absent.





3.3 Analytic Sensitivity

The detection limit for each antibody pair was defined as the value 2-fold higher than the lowest concentration of DENV serotype NS1 multiplex LFIA that produced no visible color at T lines (D1-D4 test lines), as viewed by the naked eye. Immunoaffinity-purified DENV NS1 proteins were diluted serially and assayed using the multiplex LFIA in accordance with the manufacturer’s instructions. Analytical sensitivity was assessed using 2-fold serial dilutions of immunoaffinity-purified DENV NS1 proteins of DENV1, 2, 3, and 4 (at 1,000, 500, 250, 125, 62.5, 31.25, and 15.625 ng/mL). The 100% detection endpoints were 31.25 ng/mL for DENV1, DENV2, and DENV4. For DENV3, the 100% detection endpoint was 15.625 ng/mL (Table 2 and Supplementary Figure 2). Thus, our results indicate that the limits of detection for the DENV 1-4 NS1 proteins ranged from 15.625 to 31.25 ng/mL.


Table 2 | Detection limits of DENV serotype NS1 multiplex LFIA.





3.4 Analytic Specificity

Cross-reactivity performance was evaluated using NS1 proteins released from flavivirus-infected Vero cells into the cell culture supernatant. Vero cells were infected individually with the four DENV serotypes (DENV1, 2, 3, and 4) or with four other flaviviruses (ZIKV, JEV, WNV, and YFV) or CHIKV. Cell culture supernatant was collected and tested in triplicate using the DENV serotype NS1 multiplex LFIA. The final test concentrations of viruses are listed in Table 3. The data in Table 3 indicate that specific DENV signals for each DENV serotype were observed on the strip, with no detectable mutual cross-reactivity. Note that none of the assays presented cross-reactivity with supernatant containing NS1 proteins from Japanese encephalitis virus, Zika virus, West Nile virus, Yellow fever virus, or Chikungunya virus particles. Furthermore, none of the DENV serotyping test lines reacted with the other non-targeted dengue virus serotypes, indicating that the assay has excellent specificity for DENV serotypes (Table 3 and Supplementary Figure 3).


Table 3 | Cross-Reactivity (Analytic Specificity).



We also compared two commercial DENV rapid tests. Standard Diagnostics DENV rapid tests and Bio-Rad DENV NS1 Ag strips using virus-infected cell culture supernatant from Vero cells. The Standard Diagnostics test revealed cross-reactivity with ZIKV, JEV, and WNV. The Bio-Rad test demonstrated specificity with DENV and no cross-reactivity with non-DENV flaviviruses. Note that neither commercial kit is able to identify the serotype of dengue virus (Table 3).



3.5 Validation Using Clinical Serum Samples


3.5.1 Characterization

The clinical performance of the DENV serotype NS1 multiplex LFIA was evaluated by collecting 187 serum samples that met the criteria as a suspected case of acute DENV during the period from 2016 to 2020. The frozen sera samples were banked before being used in the rapid tests. The criteria for confirmation as a case of dengue included positive detection of RNA, antigens, or antibodies via laboratory diagnoses. In this study, the clinical serum samples were pre-validated using the molecular test for dengue virus infection using dengue serotype-specific multiplex one-step SYBR green I-based real-time RT-PCR (40). Patient blood samples were also tested for antibodies using DENV-specific capture IgM/IgG ELISA (43) as well as the Platelia Dengue NS1 Ag ELISA kit (Bio-Rad, Marnes-la-Coquette, France) or ELISA for DENV NS1 serotyping (39) for the detection of NS1 antigens of DENV. The results are shown in Table 4. Reference tests among 187 cases produced positive results for dengue virus in 104 samples following RT-PCR, 17 positive results for dengue virus following specific IgM/IgG capture ELISA, and 98 positive results for dengue virus following NS1 antigen capture ELISA (see Table 4). Among the 104 dengue virus RT-PCR-positive samples, we identified 30 cases of DENV1 infection, 33 cases of DENV2 infection, 23 cases of DENV3 infection, and 18 cases of DENV4 infection. In addition, 1 sample that produced negative RT-PCR results then tested positive following analysis using dengue virus-specific IgM/IgG capture ELISA and Dengue NS1 Ag ELISA. Thus, we confirmed 105 cases of dengue virus infection. The additional 82 samples of non-dengue viral infection tested negative when using serotyping RT-PCR, dengue virus-specific IgM/IgG capture ELISA, and Dengue NS1 Ag ELISA. The 82 cases of non-dengue virus included 5 cases of JEV-infection, 3 cases of ZIKV-infection, 5 cases of CHIKV-infection, and 69 cases involving other inflammation with fever. Table 5-1 lists background information of the population from which clinical serum samples were obtained. Table 5-2 details the clinical serum samples validated using serotyping RT-PCR, IgM/IgG capture ELISA, Dengue NS1 Ag ELISA (using Platelia Ag ELISA or our serotyping ELISA), and dengue serotype NS1 multiplex LFIA, and JEV, ZIKV, CHIKV were confirmed by RT-PCR methods. Testing results were further analyzed to evaluate the clinical performance of Dengue serotype NS1 multiplex LIFA in terms of sensitivity and specificity.


Table 4 | Detection results of RT-PCR, Dengue NS1 antigen ELISA, and Dengue specific IgM/IgG capture ELISA when applied to 187 serum samples.




Table 5-1 | Summary of clinical serum samples in this study.




Table 5-2 | Description of serum samples (n=187) used in evaluating the performance of DENV serotype NS1 multiplex LFIA according to the DENV serotype, JEV, ZIKV, and CHIKV as well as days after fever onset.





3.5.2 Sensitivity and Specificity of LFIA Strips for Serotype Using Clinical Serum Samples

A total of 187 serum samples were used to assess the sensitivity and specificity of DENV serotype NS1 multiplex LFIA, the results are presented in Table 6. The serotype sensitivity of the LFIA strip was defined as the number of measured true DENV serotype positives that had been pre-validated positive for dengue virus by reference methods, including molecular RT-PCR, dengue virus-specific IgM/IgG capture ELISA, and Dengue NS1 Ag ELISA. Sensitivity analysis was performed on 105 serum samples of dengue infection (including 104 serum samples confirmed as positive using RT-PCR, and 1 serum sample that tested negative using dengue-specific RT-PCR but positive using dengue-specific IgM/IgG capture ELISA and Dengue NS1 Ag ELISA). The sensitivity of the DENV serotype NS1 Multiplex LFIA was as follows: 27/30 (90%) for D1 test, 30/34 (88.24%) for D2 test, 19/23 (82.61%) for D3 test, and 15/18 (83.33%) for D4 test (see Tables 6 and 7).


Table 6 | Performance of DENV serotype NS1 multiplex LFIA in detection of NS1 in acute-phase sera.




Table 7 | Serotype specificity and sensitivity of DENV serotype NS1 multiplex LFIA for detection of NS1 in acute-phase sera (n=187).



Specificity was defined as the number of true negatives divided by the number of samples confirmed negative by dengue specific RT-PCR, dengue specific IgM/IgG capture ELISA, and dengue NS1 antigen capture ELISA. Serum samples were used to calculate specificity of the DENV serotype NS1 multiplex LFIA for each serotype. Among the clinical testing, one of the DENV2 positive serum samples reacted to all D1-D4 test lines (D2) and showed a strong visible test line, while the other test lines showed weak visible color (data not shown). Table 6 lists the number of dengue virus false positives for each serotype test line, as follows: One JEV sample little cross-reacted with D1 and D2 test lines (very weak visible color) and two serum samples from unknown fever cross-reacted with both D2 and D4 test lines (Table 6). Thus, serotype specificity was as follows: 155/157 (98.74%) for D1 test, 147/153 (96.13%) for D2 test, 163/164 (99.39%) for D3 test, and 164/169 (97.04%) for D4 test (Table 7). Serotype accuracy was 97.35%, 94.71%, 97.33%, and 95.72% for D1 to D4 test, respectively (Table 7).

Table 8 illustrates the overall diagnostic performances of DENV serotype NS1 multiplex LFIA, when applied to 187 clinical serum samples, including 105 samples from patients with dengue viral infections and 82 samples from patients with non-dengue viral infections. Thus, the diagnostic accuracy of DENV serotype NS1 multiplex LIFA was 89.84% (95% CI, 84.59 to 93.77%), with specificity of 93.90% (77/82) (95% CI, 86.34 to 97.99%), sensitivity of 86.67% (91/105) (95% CI, 78.64 to 92.51%), positive predictive value of 94.97% (95% CI, 88.58% to 97.71%), and negative predictive value of 84.62% (95% CI, 77.10 to 89.98%).


Table 8 | Overall diagnostic accuracy and sensitivity of DENV serotype NS1 multiplex LFIA.






3.6 Validation of DENV Serotype NS1 Multiplex LFIA Using Mosquitoes Infected With DENV, JEV, ZIKV, WNV, YFV, and CHIKV

In Taiwan, nearly all dengue-infections involve a single serotype; i.e., it is difficult to find patients co-infected with multiple serotypes. We therefore assessed the performance of Dengue serotype NS1 Multiplex LFIA when applied to mosquitoes infected simultaneously with two different serotypes. We evaluated the ability of the Dengue NS1 multiplex LFIA to detect NS1 protein and identifying the serotype of dengue virus from a single infected mosquito. The detection of the NS1 antigen was evaluated using mono-infection or co-infection, wherein Aedes aegypti underwent direct intrathoracic microinjection respectively with one serotype (DENV1~4) or co-injection with two serotypes (DENV1/DENV2, DENV1/DENV3, DENV1/DENV4, DENV2/DENV3, DENV2/DENV4, and DENV3/DENV4). We also evaluated the specificity of the LFIA on JEV, ZIKV, WNV, YFV, and CHIKV infected Aedes aegypti following direct intrathoracic microinjection. At least five mosquitoes were tested for each of infections. At 5-day post infection, individual mosquitoes were homogenized using 1%NP40-PBS buffer, whereupon the supernatant was tested using the DENV serotype NS1 multiplex LFIA as well as RT-PCR based on RNA extracted from the same residual lysate. The results obtained using the NS1 multiplex LFIA in detecting and distinguishing mono-infections of DENV1~4 and co-infection with two serotypes were same as those results obtained via RT-PCR. Both of the methods detected all five mosquitoes infected with one serotype or two serotypes, as shown in Table 9 and Supplementary Figure 4. The Dengue serotype NS1 multiplex LFIA did not produce any false positive results when tested against JEV, ZIKV, WNV, YFV, or CHIKV-infected mosquitoes (see Table 9 and Supplementary Figure 5). Overall, the Dengue serotype NS1 multiplex LFIA performed very well in detecting NS1 proteins and differentiating DENV serotypes in individual infected mosquitoes, presenting no cross-reactivity with non-dengue virus in infected mosquitoes. Moreover, the Dengue serotype NS1 Multiplex LFIA proved highly effective in detecting double-infections and identifying the corresponding serotypes.


Table 9 | Validation results for DENV serotype NS1 multiplex LFIA for mosquitoes infected with flaviviruses or Chikungunya virus.






4 Discussion

We previously developed an ELISA for the detection of dengue NS1 antigens and the differentiation of dengue serotypes in early-phase clinical serum samples. The assay involved pairing a serotype-cross-reactive monoclonal antibody (mAb) with one of four serotype-specific mAbs. In that study, we demonstrated that the selected DENV mAb pairs did not cross-react with ZIKV or JEV (39). In the current study, we performed a series of experiments with the goal of selecting mAb pairs for the assembly of the multiplex immunochromatographic format. Analysis was performed on four serotype-specific mAbs in 12 combinations with the aim of characterizing the system in terms of sensitivity (via serial dilution of supernatant from Vero cell cultures infected with DENVs) and specificity (ability to differentiate among the DENV serotypes). Finally, the optimal combination [stripe1 D1(T1), D4(T2), strip2 D2(T1), D3(T2)] presented minimal mutual interference with other test lines and background signals. The multiplex LFIA provides multi-target detection capability; however, the sensitivity and specificity of the proposed system can be affected by several factors in multi-parameter lateral flow detection. In other words, the results could be skewed by interference between multiple antigens and antibodies, differences in binding affinity among antibodies, and differences in testing procedures (44). The multiplex LFIA developed in this study eliminates the need for refrigeration and can be performed by non-laboratory personnel, thereby lowering costs and facilitating field surveillance and outbreak investigations. Furthermore, results from blood testing can be obtained in far less time than is required for RT-PCR (15 min versus 2-4 hours). The short turnaround time is expected to produce large benefits for clinical and public health intervention. In terms of analytic sensitivity, the limits of detection for each serotype were 31.25 ng/mL for DENV1, DENV2, and DENV4 and 15.625 ng/mL for DENV3 (Table 2). The limit of detection of multiplex LFIA unable to reach those sensitivities of dengue serotype NS1 ELISA (minimum detection levels of 1 - 4 ng/ml) (39), because the HRP conjugated antibodies used in ELISA amplify the signal to improve sensitivity. When using the same four purified NS1 proteins, the minimum detection levels of the commercial Bio-Rad Dengue NS1 Ag strip, which can’t differentiate dengue virus serotypes, were 15.6 ng/ml, 125 ng/ml, 15.6 ng/ml, and 61.5 ng/ml for DENV1 to DENV4, respectively. These results demonstrate the superior sensitivity of our multiplex LFIA for the detection of DENV NS1, while enabling the detection of various dengue virus serotypes at the same time. The efficacy of our multiplex LFIA was validated using culture supernatant from Vero cells infected with flaviviruses and chikungunya virus. We observed no cross-reactions with JEV, ZIKV, WNV, YFV, or chikungunya virus (Tables 3 and Supplementary Figure 3). Chikungunya virus was selected for specificity testing because it frequently co-circulates with dengue in many dengue endemic regions. Sensitivity and accuracy in the detection of serotype were evaluated using acute phase of clinical serum samples from 187 patients presenting with fever, including 105 patients with confirmed dengue viral infections and 82 patients with non-dengue viral infections. The Dengue serotype NS1 Multiplex LFIA demonstrated high sensitivity to dengue virus in human clinical samples: D1 (90.0%), D2 (88.24%), D3 (82.61%), and D4 (83.33%) (Table 7). The multiplex LFIA also demonstrated high accuracy in the detection of serotype: D1 (97.35%), D2 (94.71%), D3 (97.33%), and D4 (95.72%) (Table 7). One of the clinical samples examined in this study presented negative results when analyzed using the serotype RT-PCR test, but positive results when using the dengue IgM/IgG test and DENV NS1 Ag ELISA for serotype. A secondary operator repeated the sample by the multiple LFIA also show positive D2 result. The multiplex LFIA identified this sample as positive for D2, the secreted NS1 protein amount and duration period is enough to detected by the multiplex LFIA, despite that dengue virus viremia was low in this serum sample and can’t be detected by RT-PCR. We assayed NS1 for the dengue serotype virus in laboratory-infected mosquitoes as a substitute by which to verify the efficacy of the multiplex LFIA in detecting dengue mono-infection and co-infections in endemic areas. When using our multiplex LFIA or molecular methods, all mosquitoes infected with mono/co dengue serotypes tested positive with no false positive results when tested against JEV, ZIKV, YFV, WNV, or CHIKV infections (Table 9, Supplementary Figures 3 and 5). Overall, the proposed multiplex LFIA proved highly effective in detecting DENV1-4 mono-infections and two serotype co-infections in individual mosquitoes (Table 9 and Supplementary Figure 4). The proposed LFIA is able to detect instances of infection with multiple serotypes of dengue virus and identify the corresponding serotypes. The dengue serotype NS1 multiplex LFIA could be a valuable tool to provide quick and accurate dengue serotype diagnosis by which to ensure the administration of appropriate clinical management and facilitate the triaging of febrile patients under dengue outbreak conditions. The dengue serotype NS1 multiplex LFIA also provides a simple approach to identifying instances of co-infection involving more than two serotypes, which might otherwise complicate clinical treatment decisions. We did not observe cross-reactivity among serotypes, other flaviviruses, or CHIKV when using the multiplex LFIA to test NS1 proteins derived from the supernatant of cultured cells or mosquitoes infected with the virus. Nonetheless, we observed some cross-reactivity in a few of the clinical serum samples. This observed cross-reactivity of few blood samples might be caused from the background components of blood than that of cell cultures and mosquitoes.

One previous study reported on the use of paper-fluidic lateral immunoassays with four individual strips for DENV1-4 serotype detection (38). That test is able to distinguish among dengue virus serotypes with no cross-reactivity with Zika virus; however, it remains in the development stage. No commercially available NS1 ELISA kits or rapid lateral flow tests is able to distinguish serotypes or deal effectively with co-infections. Furthermore, some commercial dengue antigen diagnostic tests have produced false-positives in detecting the dengue virus NS1 antigen when applied to patients infected with Zika virus (45). Other tests have produced false-positives when applied to the culture supernatant of cells infected with other flaviviruses (46). False positives results can lead to overestimates of the burden associated with dengue (34).

Dengue fever is non-endemic in Taiwan; i.e., the indigenous form of dengue is the result of disease importation from dengue-endemic regions via commercial trade, travel, and human migration and following outbreak with local Aedes mosquitoes (47, 48). Taiwan has implemented entry screening at airports for the early detection of febrile passengers with dengue infection (49, 50). Suspected cases of dengue must be reported and specimens sent to surveillance authorities under Taiwan CDC for a clinical diagnosis within 24 hours (51). Overall, the cumulative number of dengue importations reported annually is positively correlated with the number of domestic cases (47). The vector mosquito Aedes albopictus is found throughout Taiwan, and Aedes aegypti is restricted to the southern part of the Island (51). In this study, 90 of the 105 dengue infected samples were imported from dengue-endemic regions in south and southeast Asia (Indonesia, Vietnam, Philippine, Malaysia, Thailand, Cambodia, Singapore, Myanmar, India, and Laos) between 2016 and 2020 (see Table 5-1 and Figure 3). Those serum samples were obtained from the national surveillance system of the Taiwan Centers for Disease Control. Note that those samples covered a broad range of geographic regions, thereby demonstrating the efficacy of the Dengue serotype NS1 multiplex LFIA in the detection of dengue serotypes regardless of which genotypes in the circulating endemic regions.




Figure 3 | Distribution of DENV and other fever clinical serum samples collected from different regions.



In many countries, dengue is hyper-epidemic, with all four serotypes circulating simultaneously (52). Compared to cases of mono-infection, co-infections tend to result in more severe clinical manifestations (53, 54). At present, molecular testing is the only method capable of identifying dengue virus serotypes and detecting instances of multi-infection. However, molecular testing requires laboratory facilities with high diagnostic competence. There is a pressing need for a simpler detection method, such as antigen detection. At present, no commercial dengue antigen detection kit is able to identify dengue serotypes. The multiplex LFIA developed in this study provides a quick tool for the detection of co-infections and the identification of specific dengue serotypes.

The proposed Multiplex LFIA enables the real-time reporting of cases for clinical management, the field survey of serotypes, and the detection and characterization of co-infections. It can also be used to identify instances in which individuals who were previously infected by one serotype are subsequently infected by another serotype; i.e., patients under high risk of developing dengue hemorrhagic fever (16). It could also simple be used in the surveillance of DENV in field mosquito populations and/or to elucidate the dynamics of dengue infection in human or mosquito populations in endemic geographic regions.

This study was subject to a number of limitations. (1). Sample collection was limited by difficulties in obtaining dengue infected serum samples before symptom onset. (2). The dengue viral NS1 antigen can only be detected in the blood for a period of 9 days after the time of disease onset. This means that dengue NS1 antigen detection can only be used during the acute phase.

In summary, this study developed a multiple LFIA capable of rapidly detecting dengue virus NS1 antigens in early disease stages and identifying the specific serotype of dengue virus responsible for the infection. This could facilitate the rapid dissemination of information to health authorities and epidemiologists (to prevent transmission) and clinicians (to institute suitable management strategies aimed at reducing the incidence of severe cases). The proposed multiple LFIA is inexpensive, user-friendly, and ideally suited to use in dengue-endemic regions with limited laboratory facilities.
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Introduction

TGF-β and its receptors play a crucial role in asthma pathogenesis and bronchial remodeling in the course of the disease. TGF-β1, TGF-β2, and TGF-β3 isoforms are responsible for chronic inflammation, bronchial hyperreactivity, myofibroblast activation, fibrosis, bronchial remodeling, and change the expression of approximately 1000 genes in asthma. TGF-β SNPs are associated with the elevated plasma level of TGF-β1, an increased level of total IgE, and an increased risk of remodeling of bronchi.



Methods

The analysis of selected TGF-β1, TGF-β2, TGF-β3-related single-nucleotide polymorphisms (SNP) was conducted on 652 DNA samples with an application of the MassARRAY® using the mass spectrometry (MALDI-TOF MS). Dataset was randomly split into training (80%) and validation sets (20%). For both asthma diagnosis and severity prediction, the C5.0 modelling with hyperparameter optimization was conducted on: clinical and SNP data (Clinical+TGF), only clinical (OnlyClinical) and minimum redundancy feature selection set (MRMR). Area under ROC (AUCROC) curves were compared using DeLong’s test.



Results

Minor allele carriers (MACs) in SNP rs2009112 [OR=1.85 (95%CI:1.11-3.1), p=0.016], rs2796821 [OR=1.72 (95%CI:1.1-2.69), p=0.017] and rs2796822 [OR=1.71 (95%CI:1.07-2.71), p=0.022] demonstrated an increased odds of severe asthma. Clinical+TGF model presented better diagnostic potential than OnlyClinical model in both training (p=0.0009) and validation (AUCROC=0.87 vs. 0.80,p=0.0052). At the same time, the MRMR model was not worse than the Clinical+TGF model (p=0.3607 on the training set, p=0.1590 on the validation set), while it was better in comparison with the Only Clinical model (p=0.0010 on the training set, p=0.0235 on validation set, AUCROC=0.85 vs. 0.87). On validation set Clinical+TGF model allowed for asthma diagnosis prediction with 88.4% sensitivity and 73.8% specificity.



Discussion

Derived predictive models suggest the analysis of selected SNPs in TGF-β genes in combination with clinical factors could predict asthma diagnosis with high sensitivity and specificity, however, the benefit of SNP analysis in severity prediction was not shown.





Keywords: TGF — transforming growth factor, asthma, inflammation, prediction, development



Introduction


Background/Rationale

The latest concept of chronic airway inflammation in asthma implies the existence of a complex interaction between the epithelium, innate lymphoid cells (ILCs), lymphocytes and, finally, effector cells. Current advances in basic sciences have allowed researchers to discover three basic forms of responses of airway epithelium to allergic and non-allergic factors leading to its damage. Such a division results from the discovery of various types of ILCs, cytokine profiles and responses of the effector cells (1, 2). Type 1 immunity consists of T-bet(+) IFN-γ-producing group 1 ILCs (ILC1) and natural killer cells, CD8(+) cytotoxic T cells (Tc1), and CD4(+) Th1 cells and forms a mechanism protecting against viral infections. Type 2 immunity is composed of GATA-3(+) ILC2s, Tc2 cells, and Th2 cells producing IL-4, IL-5, and IL-13 which activate mast cells, B lymphocytes, basophils, and eosinophils and are responsible for anti-allergic and anti-parasitic reactions. Type 3 immunity is regulated by the retinoic acid-related orphan receptor γt(+) ILC3s, Tc17 cells, and Th17 cells producing IL-17, IL-22, or both, and mediates antifungal and antibacterial reactions. On the other hand, types 1 and 3 determine the development of autoimmune diseases (non-allergic diseases), while type 2 is responsible for the development of allergic diseases (2).

It is the epithelium/Th2/ILC2 system that determines the lack of control of asthma symptoms, progression of the disease and development of its complications. Eosinophils can induce EMT (Epithelial-Mesenchymal Transition) in airway epithelial cells via increased production of the transforming growth factor (TGFβ), which is the main and most important molecular and cellular mechanism causing airway remodeling. This data has been confirmed by the latest experimental research (3–5). Experimental murine airway remodeling models have proven that blocking TGF-β mediated inflammation by targeting Smad proteins, c-Jun N-terminal kinase and phosphoinositide 3-kinase signaling pathways decreases bronchial fibrosis. Undoubtedly, the above proteins are responsible for chronic inflammation, bronchial hyperreactivity, myofibroblast activation, fibrosis, bronchial remodeling, and they change the expression of approximately 1000 genes in asthma, especially those of MMPs, PAI-1, CTGF, MCP-1, IL-6, TGF-β, TSP-1, TGFR-1/2, fibronectine, proteoglycans, as well as type I and III collagen (3, 4, 6).

The TGFβ (1-3 isoforms, are small, 25 kDa secreted homodimeric signaling proteins) and especially TGFβ1 superfamily is responsible for immunosuppresion of T and B lymphocytes as well as NK cells, chemotaxis of macrophages and fibroblasts, stimulation of proliferation, an increase in fibroblast synthesis, stimulation of synthesis of fibronectin, proteoglycans, and type I and III collagen, eosinophil chemotaxis after allergen exposure, MAP kinase phosphorylation, increase in bronchial myocyte proliferation, inhibition of collagenase and matrix metalloproteinase gene expression, inhibition of MHC class II antigen expression and inhibition of surfactant synthesis by type II pneumocytes (6, 7). On the other hand, hyperactivity of the TGFβ-Smad (a family of proteins similar to the gene products of the Drosophila gene ‘mothers against decapentaplegic’ (Mad) and the C. elegans gene Sma) signaling pathway underlies many human disorders, such as excess deposition of the extracellular matrix, fibrotic disorders, and progressive cancers (6–8).

Expression of isoforms of TGFβ 1 - 3 cytokines is influenced by tagging single nucleotide polymorphisms (SNPs) in the TGFβ1, TGFβ2 and TGFβ3 genes, which may be associated with asthma and other diseases. TGFβ1- TGFβ3 gene regulation and expression levels are affected by presence of SNP in the locus (8–13).

Numerous studies conducted on diverse populations have shown that genetic factors largely contribute to variability in the pulmonary function and to familial aggregation of asthmatic patients.

We detected base substitutions as single-stranded conformational polymorphisms. We screened each polymorphism by a case-control analysis in order to find association with allergy and asthma using our data base containing 237 atopic asthmatic and 268 non-asthmatic families. Table 1 presents analyzed polymorphisms in the TGFβ1, TGFβ2 and TGFβ3 genes. Polymorphism rs8179181 in the TGFβ1 gene is associated with an increased risk of childhood asthma and atopy. It is associated with a more severe course of the disease and increased levels of TGFβ1 mRNA (8). rs4803455 correlates with the risk of the disease. Moreover, it worsens the lung function and causes airway remodeling in asthma (9). rs1800469 in the TGF-β1 promoter has been found to be related to an elevated plasma level of TGF-β1, an elevated level of total IgE and an increased risk of remodeling bronchi, as well as the development of asthma (10–13). rs11083616 is associated with bronchial obturation as well as with airway wall phenotypes - airway wall thickness. It is a significant risk of obturatory diseases (14). It has not really confirmed that rs8109627 in the TGFβ1 gene contributes to an increased risk of asthma. The role of tagging polymorphisms in the TGFβ2 gene (rs10495098, rs17047703, rs17558745, rs2799085, rs2009112, rs10482751, rs2027567, rs10779329, rs2796821, rs2796822, rs4846479, rs2798631, rs10863399) as well as in the TGFβ3 gene (rs4903359, rs3917187, rs2284792, rs2268626) has not been confirmed yet. Nevertheless, it should be stressed that asthma phenotypic differences that result from altered expression due to SNPs are sometimes inconsistent and disease association studies are often ambiguous (15).


Table 1 | Characteristics of tagging SNP polymorphisms in TGFβ1, TGFβ2 and TGFβ3 genes on the basis of the dbSNP database of the National Center for Biotechnology Information, U.S. National Library of Medicine (8600 Rockville Pike, Bethesda MD, 20894 USA).





Aims and Objectives

The aim of our study was to identify SNPs in TGF-β family potentially associated with asthma occurrence and severity, and subsequently test their predictive value. To that end, we decided to evaluate the prevalence of SNPs in TGF-β1, TGF-β2 and TGF-β3 in both asthmatic and non-asthmatic polish population. Collected data were intended to serve as a base for binary classification models.




Methods


Consent of the Bioethics Committee

The study was approved by the local ethics committee (Consent of Research Review Board at the Medical University of Lodz, Poland, No RNN/133/09/KE). At the commencement of the study, participants were invited to take part voluntarily. Before enrollment, a written informed consent was obtained from each patient.



Variables and Subjects

Asthma diagnosis was established according to GINA (The Global Initiative For Asthma) recommendations, based on clinical asthma symptoms and a lung function test. The level of asthma severity and control was determined on the basis of GINA Report Guidelines. All the participants underwent structuralized anamnesis and clinical examination, to collect details on factors such as: gender, obesity, tobacco smoking, duration of bronchial asthma, allergy to house dust mites, animal fur, mould spores, cockroaches allergens, hypersensitivity to non-steroid anti-inflammatory drugs (NSAIDs), etc., in order to determine their role in the development of resistance to glucocorticoids, as well as to establish genetic predisposition (obtained from medical records of particular patients). If results of spirometry or allergological tests were unavailable, such examinations were additionally performed during the recruitment visit. Subjects suffering from clinically significant exacerbations, using drugs which might induce resistance to glucocorticoids (such as rifampicin, phenobarbital, phenytoin, effedrine), subjects with signs of viral infections, either generalized, or affecting the respiratory tract, as well as subjects failing to comply with the doctor’s recommendations, were excluded from the patient group. The control arm included a group of healthy adults, who met the following criteria: no history or symptoms of either bronchial asthma or other pulmonary diseases, no history or symptoms of allergy, no history or symptoms of atopic dermatitis, no history, or signs of hypersensitivity to aspirin, negative results of skin tests for 12 common allergens, no first-degree relatives with bronchial asthma or atopic disorders. Spirometry tests were conducted in the Outpatient Department according to ERS (European Respiratory Society)/ATS (American Thoracic Society) standards, whereas allergological tests were performed according to EAACI (European Academy of Allergy and Clinical Immunology) guidelines (10–13, 16, 17).

The whole study group consisted of 652 individuals whose mean age was 47.4 ± 15.9 years. Detailed characteristics of the patients were presented in Table 2.


Table 2 | Clinical characteristics of the recruited cohort and presentation of spirometric characteristics of studied groups.





Genomic DNA Extraction and SNPs Analysis (MassARRAY ® System)

The DNA was isolated from peripheral blood leukocyte fraction using QIAamp DNA Blood Mini Kit (QIAGEN Inc.) according to protocol (12, 13, 17–19). DNA impurity, defined as the A260/A280 absorbance ratio, ranged from 1.7 to 2.0.

TGF-β1, TGF-β2, TGF-β3 polymorphism detection was performed using MassARRAY® system [(MassARRAY Analyzer 4; The MassARRAY® System by Agena Bioscience®) Bionanopark, Lodz, Poland], with procedure and preprocessing steps performed according to the standard protocol.



Statistical Methods

The statistical analysis was performed with an application of Welch two-sample t-test and Pearson’s Chi-squared test (with Yates’ continuity correction if appropriate) in intragroup association testing. Unadjusted Chi-Square test statistic was also used in pairwise linkage disequilibrium analysis prior to the modelling. Standard r-squared (r2) and p-values were calculated for each pair.

Logistic regression analysis was performed to derive odds ratios with their confidence intervals in univariable analysis. In the first step, the analysis was performed for minor allele carriers (MACs) i.e. presence of at least one minor allele (so called recessive model). In this analysis, the lack of a minor allele was considered as reference. The second step of the analysis included testing the association of particular genotypes (i.e. additive model) with asthma diagnosis and severity, with the most common genotype considered as a reference. The goodness of fit was assessed using the likelihood-ratio test (LR-test). Just before the analysis, as missing data constituted only the 2% (n=723/35860) of the overall dataset, multiple imputation using chained equations was performed. Predictive mean matching was performed with a maximum of 500 iterations.

In order to create the clinically useful multivariable models, the data-mining procedures followed the gold-standards of predictive model development. Since both asthma occurrence and asthma severity were variables of interest, binary classification models were created for asthma diagnosis (asthma vs healthy) and asthma severity (mild vs severe; using only data asthmatic patients), respectively. Both scenarios were executed independently, with identical steps.

Firstly, the dataset was randomly divided (with stratification) into training and validation set in 80%:20% ratio. To answer whether addition of SNP-related data adds to discriminatory power of models, we developed models for 3 scenarios (1): jointly clinical data and TGF-related SNPs (scenario further referred to as “TGF+clinical”) (2), only clinical data (scenario further referred to as “clinical”) (3), selected features from clinical data and TGF-related SNPs using minimum redundancy feature selection (scenario further referred to as “MRMR”). Predictive models were developed using Quinlan’s C5.0 algorithm with hyperparameter optimization (including 500 iterations of random search). As decision trees employ own build-it feature selection and pruning, no additional feature selection was performed. To counteract possible overfitting, the best set of hyperparameters was selected based on the accuracy of metrics derived from 10-fold cross-validation performed on the training set, thus the validation set had no impact on selection of best hyperparameters.

The Quinlan’s C5.0 algorithm extends the C4.5 classification algorithm and can produce decision trees or collections of rules. Both of those can be further boosted, creating ensemble models. Information gain (entropy) is used as its splitting criteria, while C5.0 pruning technique adopts the binomial confidence limit method. All of those lead to detection of far more complex patterns than frequently used logistic regression.

The best models were finally validated on hold-out validation set. To avoid bias, the minimum redundancy feature selection (MRMR) was performed after dataset splitting. (Figure 1) DeLong’s test for two correlated ROC curves (receiver operating characteristic curves) was used to compare predictive abilities between sets and scenarios. The DeLong method was also applied in calculations of 95% confidence intervals (95%CI) for the area under the ROC curves (AUC ROC) (20, 21).




Figure 1 | The flowchart showing the pipeline of model development and validation. I confirm that all methods were performed in accordance with the relevant guidelines and regulations.



The analysis was performed utilizing R programming languages (version 3.6.1) with the following crucial packages: caret (version 6.0-84), mRMRe (version 2.0.9) and C50 (version 0.1.2). Final caret models were extracted in RDS format and placed as Supplementary Files for reproducibility and further validations. As all comparisons were preplanned, no multiple comparison correction was applied. The analysis code was published in GitHub repository: https://github.com/kstawiski/Panek_TGF. Additional data may be provided upon readers’ requests (20, 21).




Results


Participants

A comparative analysis of biometric parameters revealed differences with asthmatic patients and healthy controls. Detailed characteristics of the patients were presented in Table 2. As it was assumed, differences in sex, height, and weight as well as in smoking pack-years were not statistically significant. However, we have noticed that healthy controls were slightly younger and had a lower BMI. The difference in BMI was not noticed between patients with severe and non-severe asthma (Table 3).


Table 3 | Clinical characteristics of asthmatic patients regarding asthma severity, * - uncertain cases were excluded. pred. - predicted.



An analysis of samples with an application of mass spectrometer MassARRAY4, the authors obtained raw results (Supplementary Figure 1) presented in the form of mass spectra. They were used to detect polymorphisms in the studied genes. Figure 2 presents a distribution of homo- and heterozygotes for all analyzed samples depending on the yield (Figure 2A), height of the mass spectrum peak (Figure 2B) and common logarithm (LOG) from the height of the mass spectrum peak (Figure 2C).




Figure 2 | The graph presenting the distribution of homo- and heterozygotes for polymorphism rs10495098 for all samples analyzed on a 96-well plate: (A) The graph presenting the distribution of low-mass C homozygote (Low Mass Allele) to high-mass A homozygotes depending on the yield; (B) The graph presenting the heights of peaks being signals of mass spectra for homo- and heterozygotes; (C) The graph presenting the logarithmic value of signal intensity of mass spectra for homo- and heterozygotes [Log [Height]). .



The graphs presented in Figure 2 show a result of an analysis of rs2009112 polymorphism for three randomly selected samples. They are image representations and output data for identification of polymorphism in the analyzed sample. Supplementary Figure 2

Similarly to the Hardy-Weinberg principle, the co-occurrence of different SNPs should be theoretically random. However, the pairwise linkage disequilibrium analysis showed that 100 out of 190 comparisons were significantly associated. Not surprisingly, based on the r2 values, the strongest associations were found to be between SNPs from the same genes. However, the results od this analysis were rather mixed, indicating complex genetic landscape of selected SNPs. Please see the network of statistically significant disequilibrium on Figure 3. Information redundancy and significant associations between SNPs further supported application of feature selection and data-mining modeling with embedded feature selection.




Figure 3 | The network of statistically significant disequilibrium. Panel (A) presents the nodes in the circle, while the location of nodes in panel (B) is dependent on the strength of the association (scaled r2 values). Grey lines show significant linkage disequilibrium between SNPs in the pairwise analysis. The weight of the line is calculated based on the r2 values. The length of connection corresponded inversely to the strength of association.



As shown in Table 4, the univariable analysis has revealed a significance of minor allele carriers (MACs) of rs2009112, rs2796821, and rs2796822 regarding severe asthma development. None of the SNPs was significantly associated with the risk of asthma in the univariable analysis.


Table 4 | Univariable analysis with odds ratios (OR) for minor allele carriers (MACs) and particular genotypes in comparison with reference (ref., most common) genotype.



Furthermore, A/A genotype of rs4803455 presented to be protective against severe asthma development in comparison with C/C genotype. Multiple SNPs were significantly associated with asthma severity. Both C/T and T/T of rs2009112 were associated with an increased severity of asthma in comparison with C/C genotype, like C/T in rs2796821, A/G in rs2796822, A/C in rs10863399. In contrast, in the analysis of the risk of asthma diagnosis, only the C/C genotype in rs10779329 was associated with a significantly lower risk of disease and rs4903359 A/G in comparison with most common genotypes.

To assess the predictive abilities of studied SNPs, we have developed benchmark predictive models for both asthma diagnosis (asthma vs. healthy) and severity (severe vs. non-severe, as defined in the “Methods” section).

As shown in Table 5, out of the total number of 49 features, 23 remained after MRMR feature selection for modeling of asthma diagnosis prediction. For asthma severity, an application of prediction MRMR feature selection allowed to reduce the dimensionality of the dataset to 17 features.


Table 5 | Performance metrics of developed final data-mining models.



According to results of DeLong’s test, regarding asthma diagnosis, the predictive Clinical+TGF model presented better diagnostic potential (AUC ROC) than Only Clinical model in both training (p=0.0009) and validation (p=0.0052). At the same time, the MRMR model was not worse than the Clinical+TGF model (p=0.3607 on the training set, p=0.1590 on the validation set), while it was better in comparison with the Only Clinical model (p=0.0010 on the training set, p=0.0235 on validation set).

Similar observations were not noted for asthma severity. Although the Clinical+TGF model was better than the Only Clinical model alone on the training set (p<0.0001), no difference in AUC ROC on the validation set was noted (p=0.7977), which indicated overfitting and lack of benefit from a SNP analysis. MRMR feature selection decreased predictive performance of models on the training set (p<0.0001) while the performance for validation remained similar (AUC ROC 0.77 vs. 0.76, p=0.8393). No statistically significant benefit was observed between Clinical+TGF, Only Clinical and MRMR models on validation sets. ROC curves were shown in Figure 4.




Figure 4 | ROC curves showing predictive abilities of developed predictive models and their validation. Panel (A) presents models developed for asthma diagnosis prediction and panel (B) for asthma severity forecasting. A detailed description is included in the text.






Discussion

Despite the fact that allergy, which can be detected in around 90% of patients, a combination of genetic factors and other environmental determinants are responsible for an occurrence of the disease. From the clinical point of view, of all candidate gene groups of allergic diseases and asthma, those genes which are associated with the function of Th2 lymphocytes, epithelial cells and the lung function, bronchial remodeling and asthma severity are particularly important. This group includes TGF-β1, TGF-β2 and TGF-β3 genes (22–26).

Today, the importance and role of SNPs in the pathogenesis of asthma is widely discussed. It should be noted however that there are a lot of studies on this issue, conducted on populations of different character and different sizes. Not all results are always replicable, either. It should be pointed out that many studies have shown and confirmed the functional role of SNPs of TGF-β1, TGF-β2 and TGF-β3 genes in asthma (12, 17–19, 23, 24). It is important, from the point of view of basic and clinical sciences, to know how these SNPs influence signaling pathways regulated by the TGF-β gene in asthma.

In this paper we analyzed SNPs in TGFβ1, TGFβ2 and TGFβ3 genes. Their functions and effects on the expression of TGFβ1, TGFβ2 and TGFβ3 mRNA, as well as a new pool not yet studied in asthma, had been known before. We present a comprehensive analysis of 20 polymorphisms of TGF-β1, TGF-β2 and TGF-β3 genes as a predictor of the disease as well as its severity. SNPs were tested for both MAC differences between asthmatic patients and healthy controls as well as between patients with non-severe and severe asthma. There were no statistically significant differences regarding any of studied MACs of SNPs in TGF-β1, TGF-β2 and TGF-β3 genes between the asthmatics and healthy subjects. However, rs2009112 [1.85 (1.11, 3.1) p 0.016], rs2796821 [1.72 (1.1.2.69) p 0.017] and rs2796822 [1.71 (1.07,2.71) p 0.022] in the TGF-β2 gene between patients with non-severe and severe asthma appear to stand out. For the whole genotypes of this rs2009112 ref. = C/C [C/T 1.83 (1.06,3.16) and T/T 1.9 (1.02,3.54)] no significant differences (p = 0.056) were found between severe and non-severe asthma patients. In contrast, very strong statistically significant differences were observed for rs2796821 ref. = C/C [C/T 1.93 (1.22,3.05) and T/T 0.4 (0.09.1.88) p = 0.004] and rs2796822 ref. = A/A [A/G 2.02 (1.25, 3.28) and G/G 0.87 (0.41,1.85) p = 0.004]. The specific SNP may be more commonly presented in patients with asthma (increased risk of severe asthma), and it was higher by 93% for heterozygous forms of rs2796821 and by 102% for the heterozygote forms of rs2796822. A statistical analysis of single SNPs, particularly on selected genes, as shown in the results, provides incomplete knowledge on the role of SNPs in the development of asthma, as well as in its more severe forms. In our study, we did not confirm the role of several SNPs in the TGF-β1 gene, but we discovered a new functional significance of other SNPs in the TGF-β2 gene (6, 10–13, 16, 17). In this part of the work, genotyping of 20 in TGF-β1, TGF-β2 and TGF-β3 genes allowed to discover two new SNPs that increase the risk of asthma (rs10779329 and rs4903359). To confirm these analyzes, it is worth investigating in the future the expression of TGF/Smad signaling pathway on cell models, and in particular, to determine the levels of Smad2/3 and Smad4, due to the fact that these proteins play a special role in stimulating the synthesis of fibronectin, proteoglycans, type I and III collagen and the intensification of eosinophil chemotaxis after allergen exposure in bronchi of asthmatics (16–19).

Considering the fact that alleles occur in SNP with different frequency in different populations as well as different results in the analysis of genotypes of the same SNPs using different molecular techniques, it should be concluded that the statistical analysis of single SNPs is of low molecular and clinical importance in the development of chronic inflammatory respiratory diseases, such as asthma.

In the light of the above, in the subsequent part of the study, we tested whether the analysis of selected SNPs could increase the predictive potential of well-known clinical factors in terms of asthma diagnosis and severity prediction. By splitting the dataset (hold-out validation), performing hyperparameter optimization and analysis of ROC curves we followed the golden standard of predictive model development. To further check whether selection of particular SNPs and clinical features could counteract overfitting the MRMR algorithm was used for dimensionality reduction. In the results section we showed that not all clinical and genomic features are needed to develop overfitting-resilient model for asthma diagnosis prediction. Based on the metrics in hold-out validation, in our opinion, the MRMR model could be recommended for asthma diagnosis prediction in clinical settings. One can reuse our models for prediction using RDS files in Supplementary Appendix via predict function in R caret package. Anonymized data of an individual patient were added to the appendix to facilitate the reproducibility and further research.

However, few things have to discussed at this step. First, univariable analysis has shown limited independent association of particular SNPs with asthma diagnosis and severity. By application of C5.0 algorithm in this paper we were able to find more complex patterns that show the information gain, however, one has to acknowledge that derived model is the ensemble of decision tree, thus does not provide a simple explanation of the predictions. Additionally, Only Clinical model was not worse than MRMR model. Although, we applied standard data mining pipeline (with hyperparameter optimization and hold-out validation) the model requires further external validation. Furthermore, limitations inherited with technology could serve as a source of bias. Although the missing data rate was law, data imputation was required for predictive modelling. This was due to the specificity of subsequent experiments, impurities that can sediment the on SpectroCHIP and may interfere with signal detection, as well as the likelihood of DNA degradation in the obtained samples. Lastly, the results may be valid only for Polish population, which is quite homogeneous.

Nevertheless, in this study we show that analysis of selected SNPs in combination with selected clinical factors predicts the asthma diagnosis better than just clinical factors. Proven validity of MRMR model could implement preventative methods against asthma in particular groups of patients (asthma endotypes). Therefore, earlier identification of patients burdened with risk of more severe disease (carriers of specific SNPs in TGF-β1, TGF-β2 and TGF-β3 genes) is possible. This would facilitate faster implementation of intensive anti-inflammatory treatment (GCS, glucocorticoids) and prevent disease progression, exacerbations and bronchial remodeling (regulation of remodeling by TGF-β1, TGF-β2 and TGF-β3 genes).



Summary

This work is the first in the Polish population to analyze the problem of the functional impact of 20 SNPs of TGF-β1, TGF-β2 and TGF-β3 genes on the risk of asthma. We have revealed new relationships between the occurrence of SNP rs10779329 and rs4903359 of the TGF-β2 gene and a statistically significantly increased risk of asthma. This observation is particularly important because the TGF-β gene affects eosinophil levels, bronchial hyperreactivity and bronchial obturation as well as clinical symptoms of asthma. The TGF-β1-3 gene complex is an important regulator of the immune response in asthma. We also proposed new predictive models which proven that analysis of selected SNPs in combination with selected clinical factors predicts the asthma diagnosis better than just clinical factors for asthma diagnosis prediction. This was not proved for asthma severity prediction. Good validation properties indicate that presented models may be of great clinical potential.
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Supplementary Table 1 | Table showing the r-squared and p-values of pairwise linkage disequilibrium analysis.

Supplementary Figure 1 | The figure presents an example of a mass spectrum
for 20 analyzed SNPs in sample no. 524. The graph shows loci of all extend primers
and possible alleles in different colors. The mass is expressed in daltons (Da).

Supplementary Figure 2 | Mass spectra showing various alleles of rs2009112 polymorphism for selected samples: (A) The graph presenting the intensity of mass spectra for T homozygote, lack of signal for C allele; (B) The graph presenting the intensity of mass spectra for CT heterozygote; (C) The graph presenting the intensity of mass spectra for C homozygote, lack of signal for T allele.
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Intrathoracic injection of virus in Aedes aegypti N= Test results using

Real-time-PCR DENV serotype NS1 multiplex LIFA

DENV mono-infection D1 D2 D3
DENV1 5 5/5 D1 positive 5/5 + - -
DENV2 5 5/5 D2 positive 5/5 - + -
DENV3 5 5/5 D3 positive 5/5 = = +
DENV4 5 5/5 D4 positive 5/5 - - -
DENV co-infection

DENV1/DENV2 5 5/5 D1/D2 positive 5/5 + + -
DENV1/DENV3 5 5/5 D1/D3 positive 5/5 + = +
DENV1/DENV4 5 5/5 D1/D4 positive 5/5 + = =
DENV2/DENV3 5 5/5 D2/D3 positive 5/5 = + +
DENV2/DENV4 5 5/5 D2/D4 positive 5/5 = + =
DENV3/DENV4 5 5/5 D3/D4 positive 5/5 - = +
Other flaviviruses

Zika virus 5 5/5 ZIKV positive 5/5 - - -
West Nile virus 5 5/5 West Nile positive 5/5 - - -
Japanese encephalitis virus 5 5/5 JEV positive 5/5 - - -
Yellow fever virus 5 5/5 YF positive 5/5 - - -

Alphavirus
Chikungunya virus 5 5/5 CHIKV positive 5/5 - - -
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Total number of Dengue DENYV serotype NS1 multiplex LFIA

serum samples positive®
True True False False Sensitivity Specificity Accuracy PPV NPV
positives negatives positives negatives [%(95%CI)] [%(95%Cl)] [%(95%CI)] [%(95%CI)] [%(95%CI)]
187 105 91 77 5 14 86.67 93.90 89.84 94.79 84.62

(78.64-92.51) (86.34-97.99) (84.59-93.77) (88.58-97.71) (77.10-89.98)

“A positive result was obtained using Dengue serotype-specific 1-step SYBR Green I-based real-time RT-PCR, Dengue NS1 Ag ELISA, and/or dengue virus specific IgM/IgG capture
El ISA.
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DENV serotype NS1 Number of serum samples with the following results: Serotype sensitivity Serotype specificity Accuracy

multiplex LFIA [%(95%CH)] [%(95%CH] [%(95%CH)]
True True False False

positives negatives positives negatives
DENV1 27 155 2 3 90.00 (73.47-97.89) 98.74 (95.563-99.85)  97.35 (93.93-99.14)
Test line
DENV2 30 147 6 4 88.24 (72.55-96.70) 96.13 (91.77-98.57)  94.71 (90.49-97.43)
Test line
DENV3 19 163 1 4 82.61 (61.22-95.05) 99.39 (96.65-99.98)  97.33 (93.87-99.13)
Test line
DENV4 15 164 5 3 83.33 (68.58-96.42)  97.04 (93.23- 99.03) 95.72 (91.74-
Test line 98.14)

Dengue serotype NS1 multiplex LFIA was compared with RT-PCR reference method. PPV, positive predictive value; NPV, negative predictive value; Cl, confidence interval.
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Virus Reference test Total number of serum  Number of serum samples that tested positive using DENV
samples (n=187) serotype NS1 multiplex LFIA

D1testline D2testline D3testline D4 testline Overall

DENV1®  Serotype RT-PCR 30 total DENVs: 105 27 2 0 0 total: 91
DENV2®  Serotype RT-PCR 33 19 29 19 19

DENV3®  Serotype RT-PCR 23 0 0 19 1

DENV4®  Serotype RT-PCR 18 0 0 0 15

DENVs®  NS1 AG ELISA/Dengue IgM/IgG capture ELISA 1 0 1 0 0

ZIKV® RT-PCR/sequence 3 0 0 0 0 0
JEV? RT-PCR 5 1" {h 0 0 i
CHIKV®  RT-PCR 5 0 0 0 0 0
Unknown' RT-PCR/ELISA/Dengue IgM/IgG capture ELISAINS1 AG 69 0 3 0 3 4

%A positive result was obtained using Dengue serotype-specific 1-step SYBR Green I-based real-time RT-PCR.

®A negative result was obtained using Dengue serotype-specific 1-step SYBR Green I-based real-time RT-PCR, whereas a positive result was obtained using Platelia Dengue NST AG
ELISA, Dengue NS1 ELISA for serotype, and dengue virus specific IgM/IgG capture ELISA.

°A positive result was obtained using Flavivirus 1-step SYBR Green I-based real-time RT-PCR and sequences identified as Zika virus.

9A positive result was obtained using JEV specific 1-step SYBR Green I-based real-time RT-PCR.

°A positive result was obtained using CHIKV specific 1-step SYBR Green I-based real-time RT-PCR.

'A negative result was obtained using flavivirus and alphavirus 1-step SYBR Green |-based real-time RT-PCR, flavivirus and alphavirus specific IgM/IgG capture ELISA, Platelia Dengue NS1
AG ELISA, and/or Dengue NS1 ELISA for serotype.

9D1, D3, and D4 test lines presenting cross-reactivity with DENV2.

"D1 and D2 test lines presenting weak cross-reactivity with JEV.

'Four serum samples from unknown fever, two of which presented cross-reactivity with D2 and D4 test lines at the same time.
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Days after fever onset Dengue group JEV ZIKV CHIKV Unknown fever Number of positive using DENV serotype NS1

multiplex LFIA

DENV1 DENV2 DENV3 DENV4 total D1 D2 D3 D4
1 7 4 5 5 21 0 1 2 17 6 6 4 6
2 7 10 8 4 29 0 0 1 14 6 7 6 2
3 4 6 4 2 16 1 1 2 12 5 6 5 3
4 4 6 5 5 20 0 0 0 10 3 7 4 6
& 0 4 0 1 8 0 0 0 8 0 3 0 1
6 3 2 1 0 6 2 0 0 6 3 2 1 0
7 0 1 0 0 1 0 0 0 1 0 1 0 0
8 1 0 0 0 1 1 1 0 0 2 1 0 0
9 0 0 0 0 0 0 0 0 0 0 0 0 0
10 0 0 0 0 0 1 0 0 0 0 0 0 1
unknown 4 1 0 1 6 0 0 0 1 4 3 0 1
total 30 34 29 18 105 5 e 5 69 29 36 20 20
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Section Classical Pathway Lectin Pathway Alternative Pathway Terminal Pathway

Section 1. Components C1 (Clq, Cir, C19) MBL C3(H,0), Properdin
Individial Component Fioolin 123
PID: Absent Collecting
; c2 c2 Factor B, Factor D s

Dy tion: 4

vereauiston: Low: c4,C3 c4,C3 Factor D C6, C7, C8, C9
Activation: Multiple Low
Inhibition: Normalize
Section 2. Control Proteins Cl-INH CT4NH Factor H, FHR 1-5, Factor |
PID: Absent* 48P + Factor | MAP-1 Properdin
Dysregulation: Absent/Low*
Activation: Low/Unchanged
Inhibition: Normalize
Section 3. Function Testing Liposomal CP
PID: Absent/Low CH50 Hemolyti AH50 Hemolytc H50 and AH50 Hemolytc
Dysregifation: LowUncontrolied ELSACP ELISAMP ELISAAP ELISA CP, MP, AP
Activation: Decreased
Inhibition: Low/Absent
Section 4. Autoantibodies Ant-C1q, Anti-C1s, Anti-CHNH Ant-MBL, Anti-Ficolin-3 Anti-FH, Anti-Fl, Anti-FB,
PID: Normal/Absent C4Nef (Anti-C4bC2a) (C3Nef (Anti-C3bBb) C5Nef (Anti-C3bBbC3b)
Dysregulation: Present/Absent*
Activation: Unchanged
Inhibition: Unchanged
Section 5. Activation products Géa, Cab, C2a, G2b, C3a, C3b, (C3b, Cadg Caa, Cab, G2a, G2b, CBa, C3b, iC3b, C3dg Bb, Ba, Ca, C3b, iC3b, C3dg Csa, Csb
PID: Absent C5a, C5b C5b-9, SC50-0

Dysregulation: Increased

Activation: Increased

Inhibition: Normalize

The analytes are separated by type. Presented with the type of analyte is the most common outcome of measurements divided into the four broad classes of complement disorders. *Outcome of measurements depends on the actual analyte

that s deficient or diysreguiated.
PID, Primary immunodaficiency: CP, Classical pathway: AP, Alernative patiway: LP, Lectin pathway: MP, Microplte,
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Variables

Age + SD (years)

Sex, n (%)

Men, n (%)

CCl + SD

Febrile sensation, n (%)
Myalgia, n (%)

Diarrhea, n (%)
Hemoptysis, n (%)
Dyspnea, n (%)

Mean time from symptom onset
to diagnosis + SD
Mean body temperature
+ SD (°C)

ANC =+ SD (cells/uL)
Platelet count + SD (/uL)
CRP + SD (mg/dL)

AST + SD (U/L)

ALT + SD (IU/L)

CK + SD (UL)

LDH + SD (IU/L)

MODS + SD

Viral load + SD
(copies/mL)

All patients (n = 54)
62.8 £ 14.3

31 (58.5)
0.4 +0.7
49 (92.5)
21 (39.6)
22 (41.5)
2(38)
2(3.8)
6+ 3.1

38608

1,403.0 + 1,307.1
57,682.6 + 28,924.2
0917
182.6 + 301.3
77 +£87.3
1,069.6 + 1,741.7
1,083.6 + 1,303.6

4.43+43
98,022,220.9 + 702,692,683.2

Patients with nonfatal disease (n = 47)
61.4+14.4

25 (54.3)
03+0.7
5 (97.8)
5 (54.3)
19 (41.3)
122
0(0)
5832

386+08

1,373.2 £1,308.8
5,963.0 + 34,028.4
082+15
122.8 £ 140.7
64.0 £ 55.2
9,45.1 + 1592.3
828.0 + 631.7
30+1.8
403,658.3 + 795,822.0

Patients with fatal disease (n = 7)

720+£99

6(85.7)
09+0.9
4(57.1)
6 (85.7)
3 (42.9)
1(14.3)
2(28.6)
5429

38.1+09

1,621.8 £1,395.5
44,700.0 +8,657.9
18+26
575.6 + 656.5
162.3 £ 182.8
1,834.3 £ 2,496.0
3,042.7 £2,921.6
187 +4.2
725,570,123.6 + 1,914,726,379.0

p-value

0.046

0.12
0.04
0.001
0.02
0.03
0.04
0.001
0.79

0.04

0.67
0.24
0.16
<0.001
0.004
0.21
<0.001
<0.001
0.0019

Values are presented as the mean + standard deviation. SFTSV, severe fever with thrombocytopenia syndrome virus; CCl, Charison Comorbidity Index; ANC, absolute neutrophil count;
CRP, c-reactive protein; AST, aspartate aminotransferase; ALT, alanine aminotransferase; CK, creatinine kinase; LDH, lactate dehydrogenase; MODS, multiorgan dysfunction score.
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Drug/Class of
drugs

TNF inhibitors
IL-6 inhibitors

Abatacept

Rituximab

JAK-inhibitors

Prediction of response

No predictive value

Conflicting evidence;

No predictive value or slightly better efficacy in RF/ACPA positive
patients

Some evidence for modestly better efficacy in ACPA positive
patients
Better efficacy in RF/ACPA positive patients

No predictive value of ACPA (baricitinib)
Better efficacy in seropositive as compared to seronegative patients
(tofacitinib).

Evidence base

SLRs with meta-analyses of observational studies

SLR with meta-analysis of RCTs and observational studies
(tocilizumab)

Observational studies (tocilizumab)

Pooled data from RCTs (sarilumab)

SLRs with meta-analysis of observational studies

Large observational study of pooled register data

RCTs

SLR with meta-analysis of RCTs and observational studies
Large observational study of pooled register data
Observational register study (baricitinib)

Pooled data from RCTs (tofacitinib).

References

(120-122)
(123)
(124-127)

bDMARD, biologic disease-modifying anti-rheumatic drug, ACPA, anti-citrullinated protein/peptide antibodies; RF: rheumatoid factor, SLR, systematic literature review; RCT,randomized
controlled trial: tsDMARD, targeted synthetic disease-modifying anti-rheumatic drug.
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Phenotype Dapsone casesn (%) Dapsone controls n (%) OR (95% C1) Pvalue  Pe-value
SCARS (0= 16)
15©3.75) 3567.50)
1629 50250 047 (005-4.34) (= ns
66750 146500
66750 17 (4250, 081(025-267) o712 ns
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5000 356750
o 50250 050003-12.16) 10000 ns
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5000 400100
ORESS (1= 11)
10091) 356750
1009 51250, 070007-670) 1.0000 ns
20819 14@5.00)
ORESS (1= 11)
5545 17 4250 1.13(029-432) 1.0000 ns
20819 3050 274(039-18.92) o219 o875
1009 401000) 090(009-898) 10000 NS
1009 o 115704430502 02157 osart
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Drug/Class of drugs Adjusted*** difference 95% CI
- seropositive vs seronegative

TNF inhibitor -0.1% -0.3,0.2
Abatacept 1.5% 11,19
Tocilizumab 0.9% 03,15
Rituximab 5.9% 47,73

*Proportions remaining on drug at 1 year, with Clinical Disease Activity Index (CDAI) < 2.8
“RF and/or ACPA positive

“*Adjusted for age, sex, smoking (yes/no), BMI for TNF inhibitors, abatacept and
tocilizumab (but not for rituximab), for calendar year of treatment start, country,
concomitant treatment with csDMARDs and glucocorticosteroids, number of previous
bDMARDs and disease characteristics (baseline values for disease activity and disease
duration) for all.

Pooled analysis from 16 European registers (124).
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Scenario

Included potential predictors Set

Accur
acy
(95% CI)

Sensiti
vity

Specifi
city

Positiv e
Predict ive
Value

Negati ve
Predict ive
Value

AUC
ROC
(95%
Cl)

TGF+Clinical
forasthmadiagnosis

Only Clinical for
asthma diagnosis

MRMR for asthma
diagnosis

TGF+Clinical for
severity prediction

Only Clinical for
severity prediction

MRMR for severity
prediction

age, sex, height, weight, BMI, allergy, Training
rs8109627,

rs8179181,

rs4803455, Validat
rs1800469, ion
rs10495098,

rs17047703,

rs17558745,

2799085,

rs2009112,

rs10482751,

2027567,

rs10779329,

2796821,

rs2796822,

rs2798631,

rs10863399,

rs4903359,

rs3917187,

rs2284792,

2268626,

macarrier_rs8109627,

macarrier_rs8179181,

macarrier_rs4803455,

macarrier_rs1800469,

macarrier_rs10495098,

macarrier_rs17047703,

macarrier_rs17568745,

macarrier_rs2799085,

macarrier_rs2009112,

macarrier_rs10482751,

macarrier_rs2027567,

macarrier_rs10779329,

macarrier_rs2796821,

macarrier_rs2796822,

macarrier_rs2798631,

macarrier_rs10863399,

macarrier_rs4903359,

macarrier_rs3917187,

macarrier_rs2284792,

macarrier_rs2268626, FEV1, FVC, FEV1doFVC
age, sex, height, weight, BMI, allergy, FEV1, FVC, FEV1doFVC  Training

Validation

age, FEV1doFVC,allergy, FVC, Training

macarrier_rs4903359,

rs10779329,

rs4803455,BMI,

macarrier_rs10495098, FEV1,

rs8109627 height,

macarrier_rs2799085, Validat

macarrier_rs8179181, ion

macarrier_rs2027567,

rs17558745,

2268626,

macarrier_rs2009112,

rs1800469,

macarrier_rs2798631, sex,

rs10863399,

macarrier_rs17047703

age, sex, height,weight, BMl,allergy, Training

rs8109627,

rs8179181,

rs4803455, Validation

rs1800469,

rs10495098,

rs17047703,

rs17558745,

rs2799085,

rs2009112,

rs10482751,

rs2027567,

rs10779329,

rs2796821,

2796822,

rs2798631,

rs10863399,

rs4903359,

rs3917187,

rs2284792,

2268626,

macarrier_rs8109627,

macarrier_rs8179181,

macarrier_rs4803455,

macarrier_rs1800469,

macarrier_rs10495098,

macarrier_rs17047708,

macarrier_rs17558745,

macarrier_rs2799085,

macarrier_rs2009112,

macarrier_rs10482751,

macarrier_rs2027567,

macarrier_rs10779329,

macarrier_rs2796821,

macarrier_rs2796822,

macarrier_rs2798631,

macarrier_rs10863399,

macarrier_rs4903359,

macarrier_rs3917187,

macarrier_rs2284792,

macarrier_rs2268626, FEV1, FVC, FEV1doFVC, Control test,

Number of exacerbations, Smoking pack years, Age of

diagnosis

age, sex, height, weight, BMI, allergy, FEV1, FVC, Training

FEV1doFVC, Control test, Number of exacerbations, Smoking

pack years, Age of diagnosis
Validat
ion

age, Number of exacerbations FEV1, Training
rs2009112, Control test,

rs17558745, FEV1doFVC,

rs4803455, Validat
rs2268626, FVC, Smoking packyears, Age ofdiagnosis, ion
rs8109627 ,height,

macarrier_rs10779329, allergy, BMI

100%
(99.3%-
100%)
81.5%
(73.8%-
87.8%)

95.8%
(93.7%-
97.3%)
73.8%
(65.4%-
81.1%)
99.8%
(98.9%-
100%)

76.2%
(67.9%-
83.2%)

97.5%
(94.8%-
99.0%)
75.4%
(63.5%-
85.0%)

83.7%
(78.8%-
87.9%)
72.5%
(60.4%-
82.5%)
86.6%
(82.0%-
90.4%)
73.9%
(61.9%-
83.8%)

100%

88.4%

97.8%

73.9%

99.6%

76.8%

97.0%

64.0%

65.0%

44.0%

76.0%

52.0%

100%

73.8%

93.5%

73.8%

100%

75.4%

97.8%

81.8%

94.3%

88.6%

92.6%

86.4%

100%

79.2%

94.4%

76.1%

100%

77.9%

96.0%

66.7%

86.7%

68.8%

85.4%

68.4%

100%

84.9%

97.5%

71.4%

99.6%

74.2%

98.3%

80.0%

82.6%

73.6%

87.2%

76.0%

0.87
(0.81-
0.93)

0.99
(0.99-
1.00)
0.80
©0.72-
0.88)
-1

0.85
0.79-
0.92)

~1(0.99-
1.0)

076
(0.64-
0.88)

091
(0.87-
0.94)
0.75
(0.62-
0.87)
0.95
(093
0.97)
0.77
(0.65-
0.89)
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Analyzed groups

Studied SNPs

MAC of rs8109627
MAC of rs8179181
MAC of rs4803455
MAC of rs1800469
MAC of rs10495098
MAC of rs17047703
MAC of rs17558745
MAC of rs2799085
MAC of rs2009112
MAC of rs10482751
MAC of rs2027567
MAC of rs10779329
MAC of rs2796821
MAC of rs2796822
MAC of rs2798631
MAC of rs10863399
MAC of rs4903359
MAC of rs3917187
MAC of rs2284792
MAC of rs2268626
rs8109627ref =T/T
T/C

C/C

rs8179181ref. =G/G
G/A

AA
rs48034565ref. =C/C
C/A

AA

rs1800469ref =G/G
G/A

AA

rs10495098ref. =G/G
G/T

T/T
rs17047703ref.=C/C
C/A

A/A

rs17568745ref. =C/C
C/T

T/T
rs27990865ref. =C/C
C/A

AA
rs2009112ref.=C/C
C/T

T/T
rs10482751ref.=C/C
C/T

/T

rs2027567ref =A/A
AG

G/G
rs10779329ref.=T/T
T/C

C/C
rs2796821ref.=C/C
C/T

/T

rs2796822ref =A/A
AG

G/G

rs279863 1ref.=A/A
AG

G/G
rs10863399ref. =A/A
AC

C/C
rs4903359ref.=A/A
AG

G/G
rs3917187ref.=C/C
C/T

/T

rs2284792ref. =A/A
AG

G/G
rs2268626ref.=T/T
T/C

C/C

Asthmatic vs. control patients

OR (95%Cl)
1.07 (0.78,1.47)
0.89 (0.65,1.21)
091 (0.65,1.29)
1.09 (0.8,1.48)
1.03 (0.74,1.43)
0.95 (0.69,1.3)
1.18(0.87,1.61)
097 (0.71,1.33)
1.06 (0.76,1.49)
1.02(0.75,1.39)
1.03(0.76,1.41)
0.83(0.61,1.14)
1.2 (0.88,1.65)
096 (0.7,1.31)
0.88(0.63,1.22)
1.1(0.79,1.59)
0.74(0.55,1.01)
1.15 (0.84,1.57)
1.18(0.86,1.61)
1.02(0.73,1.41)

1.09 (0.79,1.51)
097 (0.49,1.94)

0.88(0.63,1.21)
0.95(0.53,1.71)

09(0.62,1.3)
0.95 (0.61,1.46)

1.08 (0.79,1.47)
726582.93 (0,Inf)

0.93(0.65,1.32)
1.35(0.86,2.13)

0.96 (0.69,1.34)
0.87 (0.41,1.88)

1.22(0.88,1.69)
1.04(0.57,1.9)

1.06 (0.75,1.48)
0.74(0.47,1.18)

1.02 (0.71,1.46)
116 (0.76,1.77)

1.09(0.79,1.51)
0.78 (0.46,1.31)

1.06 (0.77,1.46)
0.9 (0.49,1.67)

092 (0.67,1.28)
053 (0.3,0.94)

1.22(0.88,1.69)
1.04 (0.46,2.32)

1.05 (0.75,1.47)
0.72 (0.46,1.15)

0.93 (0.65,1.32)
0.76 (0.49,1.19)

1.05(0.75,1.48)
1.83(0.62,5.44)

0.71(0.52,0.98)
1.18(0.53,2.6)

1.14(0.82,1.59)
1.18(0.59,2.34)

1.21(0.87,1.68)
1.0066(0.5123,1.9778)

0.9925(0.7071,1.393)
1.25(0.54,2.88)

P (LR-test)
0.657
0.45
0.612
0.598
0.88
0.746
0.287
0.841
0.729
0.907
0.836
0.249
0.255
0.79
0.437
0.589
0.06
0.39
0.298
0.914
0.86

0.728

0.847

0.251

0.214

0.923

0.504

0.306

0.76

0.454

0.866

0.091

0.485

0.26

0.483

0.527

0.078

0.689

0.508

0.862

Severe vs. non-severe asthma

OR (95%Cl)
0.78 (0.5,1.22)
0.85 (0.55,1.33)
0.68 (0.42,1.11
1.27 (0.81,1.98
1.02 (0.64,1.65
0.84 (0.53,1.32)
0.67 (0.43,1.04)
0.96 (0.61,1.5)
1.85(1.11,3.1)
1.01 (0.65,1.57)
0.83 (0.54,1.3)
(
(
(
(
(
©
(
(
(

0.93 (0.6,1.45)
1.72 (1.1,2.69)
1.71 (1.07,2.71)
1.47 (091,2.38)
1.54 (0.96,2.45)
1.04 (0.67,1.61)
0.94 (0.6,1.47)

1.01 (0.65,1.58)
1.32 (0.83,2.09)

067 (0.41,1.08)
1.99 (0.75,5.25)

0.89 (0.56,1.42)
0.69 (0.29,1.66)

0.78 (0.47,1.3)
051 (0.27,0.96)

1.26 (0.81,1.98)
2,02 (0.12,32.99)

1.07 (0.64,1.77)
0.93 (0.5,1.74)

0.93 (0.58,1.49)
0.28 (0.06,1.26)

0.71 (0.45,1.13)
0.47 (0.18,1.22)

0.9959(0.6206,1.5982)
0.83 (0.41,1.69)

1.83 (1.06,3.16)
1.9 (1.02,3.54)

1.03 (0.65,1.63)
0.93 (0.42,2.06)

0.86 (0.54,1.36)
0.71(0.28,1.81)

095 (0.6,151)
0.8 (0.31,2.04)

1.93 (1.22,3.05)
0.4 (0.09,1.88)

2.02 (1.25,3.28)
0.87 (0.41,1.85)

1.46 (0.88,2.43)
1.49 (0.77,2.86)

1.69 (1.04,2.73)
0.51(0.11,2.44)

0.99 (0.63,1.55)
1.59 (0.59,4.34)

0.94 (0.59,1.5)
0.92 (0.35,2.42)

1.01(0.64,1.6)
1.08 (0.39,2.75)

1.25 (0.77,2.02)
1.94 (0.66,5.72)

P (LR-test)
0.273
0.476
0.123
0.295
0.921
0.442
0.075
0.852
0.016
0.956
0.417
0.746
0.017
0.022
0.113
0.072
0.863
0.79
0.948
0.24
0.057

0.665

0.109

0.547

0.895

0.166

0.142

0.858

0.056

0.966

0.667

0.886

0.004

0.004

0.284

0.054

0.644

0.964

0.997

0.375
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Parameter

Age [years]
Sex

Height [meters]
Weight [kilograms]
BMI [kilograms/m?]
Allergy

FEV1(%) pred.
FVC(%) pred.
FEV1/FVC(%) pred.
Age of diagnosis*

Asthma Control Test
score

Multiple
exacerbations
Smoking pack years

Non-severe asthma
(n=220)

47.4 +15.6
Females: 142
Males: 78
1.68 +0.10
75.46 + 16.36
26.80 + 4.74
None: 99
Seasonal: 22
Year-round: 39
Both: 60
83.65 + 17.63
99.09 + 15.17
87.40 + 11.89
<3 years: 6
3-7 years: 10
7-16 years: 21
16-40 years: 90
>40 years: 84
19.14 + 4.64

Yes: 14
No: 206
541 +935

Severe asthma
(n=125)

50.7 +14.3
Females: 80
Males: 45
1.67 + 0.09
756.81 + 16.25

27.22 + 491
None: 49
Seasonal: 18
Year-round: 19
Both: 39
62.01 + 20.41
83.72 +20.5
75.96 + 16.32
<3 years: 12
3-7 years: 6
7-16 years: 11
16-40 years: 55
>40 years: 39
16.28 + 5.55

Yes: 63
No: 62
6.53 + 13.38

P-value

0.05
0.92

0.37
0.84
0.44
0.44

<0.001

<0.001

<0.001
0.08

<0.001

<0.001

0.41
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Characteristics of the

Asthmatic Patients Healthy Controls p-value

studied groups (n =345) (n =307)
Age [years] 48.6 + 15.4 46.0 = 16.3 0.04
Sex Females: 222 Females: 197 0.96
Males: 123 Males: 110
Height [meters] 1.67 £0.10 1.68 £ 0.11 0.72
Weight [kilograms] 75.59 + 15.30 73.29 + 16.92 0.07
BMI [kilograms/m?] 26.95 + 4.80 25.73 £ 5.05 <0.01
Allergy None: 148 None: 268 <0.001
Seasonal: 40 Seasonal: 8
Year-round: 58 Year-round: 6
Both: 99 Both: 25
FEV1 (%) pred. 75.81 £21.37 95.83 + 19.95 <0.001
FVC (%) pred. 93.52 + 18.78 101.63 + 17.69 <0.001
FEV1/FVC (%) pred. 83.25 + 14.71 9588 +10.05  <0.001
Smoking pack years 5.82 + 10.98 5.68 + 11.71 0.88

FEV1 (forced expiratory volume in 1 second) expressed in %, FEV1% (A/N% - percentage
ratio of the measured to expected value) expressed as per cent of the expected value; FVC
(forced vital capacity) expressed in %, FVC% (A/N% - percentage ratio of the measured to
expected value) expressed as per cent of the expected value; FEV'1% FVC index (FEV1 to
FVC ratio - forced vital capacity) expressed in %. pred., predicted.
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Gene SNP ID

TGF-B1 rs8109627
rs8179181
rs4803455
rs1800469
rs11083616

TGF-p2 rs10495098
rs17047703
rs17558745
rs2799085
rs2009112
rs10482751
rs2027567
rs10779329
rs2796821
rs2796822
rs4846479
rs2798631
rs10863399

TGF-p3 rs4903359
rs3917187
rs2284792
rs2268626

SNV, Single Nucleotide Variant.

Variant type

SNV
SNV
SNV
SNV
SNV
SNV
SNV
SNV
SNV
SNV
SNV
SNV
SNV
SNV
SNV
SNV
SNV
SNV
SNV
SNV
SNV
SNV

Alleles

T>C
G>AC,T
C>A
ASG
G>A
G>AT
C>A
C>T
ASC,T
C>T
T>C
G>A
T>C
CT
ASG
G>T
ASG
ASC
G>AC
T>C
G>AC
C>T

Chromosome

19:41317081
19:41332301
19:41345604
19:41354391
19:41359738
1:218342968
1:218352246
1:218375179
1:218379113
1:218380187
1:218382955
8385246
8400399
1:218412479
1:218412790
1:218425068
1:218438536
1:218453334
14:75944394
1475965793
14:75977236
14:75978424

MAF (1000Genomes)

C=0.3696/1851
A=0.0761/381
A=0.4772/2390
A=0.3680/1843
G=0.4443/2225
T=0.4585/2296
A=0.2482/1243
T=0.2304/1154
A=0.4393/2200
T=0.1865/934
C=0.4367/2187
G=0.4391/2199
T=0.4972/2490
T=0.3021/1513
A=0.3097/1551
T=0.4183/2095
A=0.2861/1433
C=0.2073/1038
G=0.2280/1142
T=0.4093/2050
G=0.4028/2017
C=0.2288/1146

Functional Consequence

intron variant

intron variant

intron variant

upstream transcript variant
intron variant

no data available in the dbSNP NCBI
intron variant

intron variant

intron variant

intron variant

intron variant

intron variant

intron variant

intron variant

intron variant

intron variant

intron variant

no data available in the dbSNP NCBI
intron variant

intron variant

intron variant

intron variant
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Patients Age (years) /Sex Date Severity Outcome IL-6 IL-10 Viral load (copies/mL) FRNT50 titer (11)
P49-18 81/F *Jun-12-18 Severe Recovered 222 40.8 1,222,514.26 3.401
Jun-14-18 23.5 28.7 18,307.96 2171
Jun-16-18 18.8 6.7 4,798.72 0.6024
Jun-18-18 13 22 2,785.74 9.89
P64-19 64/M *Aug-12-19 Severe Recovered 5.6 5.6 48,766.65 0
Aug-14-19 25 1.5 3,266.81 0
Aug-16-19 24 1 1,217.66 0
P66-19 60/F *Aug-28-19 Severe Recovered 39 3.8 798,839.84 10.25
Aug-30-19 32 26 34,353.24 5.857
P70-19 70/F *Oct-11-19 Severe Recovered 71 71 101,288.97 13.53
QOct-22-19 23.6 29 Undetermined 34.82

Unit: pg/ml, *The hospitalization and sampling date; P, positive; N, negative; FRNT50, 50% focus reduction neutralization test.
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Patients

PO1-13
P04-13
P16-15
P49-18
P64-19
P66-19
P70-19

Age (years) /Sex

73/M
63/M
74/M
81/F
64/M
60/F
70/F

*Date

May-16-13
Jun-13-13
Jun-10-15
Jun-12-18
Aug-12-19
Aug-28-19
Oct-11-19

Severity

Severe
Severe
Severe
Severe
Severe
Severe
Severe

Outcome

Death
Death
Death
Recovered
Recovered
Recovered
Recovered

IL-6

2622.3
17.2
61.4
222
5.6
39
T

IL-10

109
8.2
45.6
40.8
5.6
38
7.1

Viral load (copies/mL)

897.242.38
<100
15,627.11
1,222,514.26
48,766.65
798.839.84
101.288.97

Unit: pg/mi, *Date: The hospitalization and sampling date; P, positive; N, negative; FRNT50, 50% focus reduction neutralization test.

FRNTS50 titer (11)

6.569
6.222
0
3.401
0
10.25
13.53
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Characteristic Patients with nonfatal disease (n = 47)

Patients with fatal disease (n = 7) p-value
IL-2 0.3 (0.0-2.3) 0.6 (0.0-2.1) 0.1352
IL-4 0.3 (0.0-2.7) 0.4 (0.0-1.0) 0.1765
IL-6 10.8 (0.0-34.8) 3,161.2(17.2-15,103.8) <0001
IL-10 8.8 (0.0-72.3) 429 (8.2-145.2) 0.0003
IL-17A 25.7 (0.0-120.2) 16.0 (1.5-43.3) 0.0896
IFN-y 136.7 (0.0-679.6) 540.4 (0.0-3258.8) 0.3406
TNF 0.6 (0.0-7.6) 8.2(0.0-51.3) 0.1521

Unit: pg/mi: 2Values are listed as the median and range unless otherwise noted.
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Retrospective retrieval of data
from samples tested in Durand
Hospital in a 2-year period

etrospective retrieval of datz evaI of samples test
rom samples tested in Fleur I-S!

Lab in a 7-year period

Samples should have been
assayed for

Immunoassays for DAA: Available samples

Immunoassays for Ro60
double stranded DNA (dsDNA), Dt -
nucleosome, histones, SmD1, 144,471 samples 381 samples
-

4,663 samples

.
Selection of SS-A/Ro ® samples

742 samples

Samples should have been
assayed for

+

U1-snRNP, Ro60, Ro52, SS-B/La,
Scl-70, CENP-B, Jo-1, and Rib-P

Nested cohort assayed for

'amples with HEp-2 IF
and anti-SS-A/Ro @

SDNA, nucleosome, Sm,
RNP, SS-B/La, Scl-70

-
2,953 samples IFA + assay for antibodies to dsl
i some, Sm, U1-RNP, SS-B/La, Scl-7

383 samples
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Groups n Unadjusted OR (95% CI) P value Adjusted OR (95% CI) P value

Control 32 1 <0.05 1 <0.05
Preeclampsia 33 3.28 (1.11-9.71) 5.16 (1.45-18.33)

The BMIl (control vs preeclampsia, 25.98 + 2.31 vs 27.64 + 3.54, P<0.05) was not regarded as a potential confounder in the analysis of adipsin levels between preeclampsia and control
groups. BMI, body mass index; ORs, odd ratios; Cls, confidence intervals.
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sENG adipsin C3a Cb5a adipsin + SENG
Sensitivity (Se) (%) 72.7 81.8 63.6 72.7 90.9
Specificity (Sp) (%) 60.6 75.8 66.7 57.6 48.0
Positive predictive value (PPV) (%) 38.1 52.9 38.9 36.4 471
Negative predictive value (NPV) (%) 86.4 92.3 84.0 85.7 88.9
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Characteristics

Cross-sectional study

Follow-up study

Healthy pregnant women
(n=32)

Preeclamptic patients
(n=33)

Healthy pregnant women
(n =35)

Preeclamptic patients
(n=11)

Maternal age (years)
Pre-pregnancy BMI (kg/m?)
Primagravida

Current smoking

Diabetes meliitus

Gestational age at delivery (days)
Systolic blood pressure (mm Hg)
Diastolic blood pressure (mm Hg)
24-h urinary protein (g)

BMI indlicates body mass index.

32,66 + 3.68 (26-43) 30.00 + 4.23 (22-39)"
25.98 +2.31 (21.08-29.40)  27.64 + 3,54 (21.93-33.06)"
20 23
0 0
1 1

272.94 + 7.34 (258-289) 207.48 + 27.06 (185-262)"
11378 + 12.48 (94-123) 152,67 = 11.10 (142-188)"
73.53 + 8.74 (54-88) 97.67 + 7.92 (81-117)"
/ 2.93 + 2,81 (0.24-10.60)"

31.36 + 3.96 (24-39)
28.88 + 3.22 (23.83-32.23)

31.54 + 3.25 (23-37)
25.36 + 2.74 (19.77-30.49)

20 8
0 0
1 0

272,63 + 13.32 (216-291) 263.82 + 21.19 (202-285)
119.20 + 9.36 (97-130) 149.73 + 9.04 (139-168)"
72.60 + 7.89 (55-86) 99.46 + 7.08 (94-115)"

/ 1.31 £ 1.78 (0.24-6.34)™

Comparisons between groups were performed using Student’s t-test, and results are presented as mean + SD. *P < 0.05, **P < 0.01, healthy vs. preeclamptic pregnant women.
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80
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40 C3a
Area under the ROC curve
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20 P=0.22
0
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Sensitivity%

100
80
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Area under the ROC curve
0.83+0.06
40 P=0.001
20
0
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Target Ag

Bovine B.GPI

Human B,GPI

Human B,GPI/Domain I/Domain | peptide
Human PT

Protein C, Protein S

and C4b-binding protein
Activated Protein C
Thrombomodulin

Annexin V

High molecular weight kininogen
Human BGPI/PT

Plates coated with/biological
material used

Anionic PL

y-irradiated plates

Hydrophobic/hydrophilic or y-iradiated plates
Anionic PL (PS)

Anionic PL

Anionic PL
Neutral PL (PE)
Human plasma

Technical characteristics of the assay and
type of detectable antibodies

aCL solid phase assay
Anti-B,GPI solid phase assay
Anti-DI B2GPI solid phase assay
Anti-PT/anti-PS/PT

solid phase assay

Mostly anti-B2GPI antibodies

Mostly anti-B2GPI antibodies
Anti-PE solid phase assay
LA: functional PL-dependent coagulation assay

B-GPI, beta2 glycoprotein I: PL, phospholipids; aCL, anticardiolipin antibodies; PT, prothrombin; PS, phosphatidylserine; PE, phosphatidylethanolamine; LA, lupus anticoagulant.
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A

Vascular APS

aPL autoAb profile
Test
Triple positivty
wn
sotype
106> 1gm
Titer
Medium/high titer

' Concomitant thrombotic isk factors
¥ Underlying autoimmune diseases

Obstetric APS
aPL autoAb profile

Test
Trple positivity
n

Isotype
196> IgM
Titer
Low/Medium/hightiter
¥ Previous obstetric istory.

+ Traditional obstetric isk factors

¥ Underlying autoimmune diseases

Higher risk

Age, diabetes,arterial hypertension, dyslpidemia,
BMI,smoking, sedentary lfestyl,
hyperhomocysteinemia, Protein C, Protein § and ATI
deficiency,Factor V Leiden, PT and MHTFR

Higher isk

‘Age, diabetes, arterial hypertension, dyslpidemia,
BMI, smoking, sedentary lfestye etc
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number of allergen standards

unitage of standards

responsible authority
main regulatory document

provision of reference method materials
provision of reference standards
mandatory use

option to use alternative method

*after adoption of respective general texts in Ph. Eur.

United States

19 standard extracts
(see Table 3)

potency

(depending on allergen,
see Table 3)
FDA/CBER

21 CFR 680.3(¢)

CBER
CBER
yes
yes

Europe
2 rec. allergens

Hg single allergen molecule

EDQM/NCAs

Ph. Eur.

(Monograph on Allergen Products)
commercial sources

EDQM

(yes)®

yes

5 standard extracts
(see Table 2)
international units
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Method

IgG inhibition ELISA

MS LC-MS/MS
LC-MS/MS
Ms*

IgG induction
rabbits

Examples
potency determination adsorbed HDM allergoid

potency determination grass pollen, birch and HDM allergoids
potency determination cat dander allergoid (IgG in patient sera
pool)

HDM allergoid, confirmation of presence of major allergens

depigmented and aluminium hydroxide-adsorbed birch pollen
extract, confirmation of presence of allergens

(adsorbed) HDM allergoid, identification of relevant allergens
induction of specific IgG to Bet v 1 and Bet v 2 after
immunization with depigmented and aluminium hydroxide-
adsorbed birch pollen extract

*‘type of MS unclear from information provided in publication.

(79, 108)

(78)
(108)

Cross-product comparabiltiy?

- necessity of allergen-specific allergoid reference standard and
allergoid-specific reference method

- depending on specificity of antibodies

- potentially challenging due to different product matrices,
polymerization agents and additional product processing steps

- potentially challenging due to different product matrices,
polymerization agents and additional product processing steps

- challenging due to different types of MS + brands of machines

- necessity of allergen-specific reference peptides

- necessity of common database

- in conflict with the principles of 3R (109)

- limited reproducibility
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Allergen extract Lot release tests Labeled Unitage Year standardized

Dust mite (Dermatophagoides farinae) CELISA AU/mL 1987-1989
Dust mite (Dermatophagoides pteronyssinus) Protein*
Cat pelt (Felis domesticus) Feld 1 (RID) BAU/mLY 1992
Cat hair (Felis domesticus) |EF

Protein*
Bermuda grass (Cynodon dactylon) CELISA BAU/mI 1997-1998
Red top grass (Agrostis alba) |EF
June (Kentucky blue) grass (Poa pratensis) Protein®

Perennial ryegrass (Lolium perenne)

Orchard grass (Dactylis glomerata)

Timothy grass (Phleum pratense)

Meadow fescue grass (Festuca elatior)

Sweet vernal grass (Anthoxanthum odoratum)

Short ragweed (Ambrosia artemisiifolia) Amb a 1 (RID) Amb a 1 units 1981

Yellow hornet (Vespa spp) Hyaluronidase & phospholipase activity Hg protein 1991-1995
Wasp (Polistes spp)

Honey Bee (Apis mellifera)

White faced hornet (Vespa spp)

Yellow jacket (Vespula spp.)

Mixed vespid (Vespa + Vespula spp)

CELISA, competitive ELISA; IEF, isoelectric focusing; BAU, bioequivalent allergy unit; AU, allergy unit (equivalent to BAU).
*Test for informational purposes only. IEF, isoelectric focusing;
'For Cat Pelt and Hair extracts: 5-9.9 Fel d 1 U/mL = 5000 BAU/mL: 10-19.9 Fel d 1 U/mL = 10,000 BAU/mL.
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Allergen

Status Availability

Characterization

Reported allergen content

References

Dog Hair Dander
Canis familiaris

Short Ragweed pollen
Ambrosia artemisiifolia

Birch pollen
Betula verrucosa

Timothy grass pollen
Phleum pratense

House Dust Mite
Der. pteronyssinus

Bermuda grass
Cynodon dactylon

Alternaria
Alternaria alternata

Rye grass
Lolium perenne

WHO Int. Standard NIBSC 84/685

WHO Int. Standard NIBSC 84/581

WHO Int. Standard NIBSC 84/522

WHO Int. Standard NIBSC 82/520

WHO Int. Standard NIBSC 82/518

International Standard no longer

available

International Standard no longer

available

International Standard no longer

available

15 laboratories in 9 countries
protein content

RAST inhibition
CIE/CRIE/RIE

IEF

SDS-PAGE

leukocyte histamine release
HCCT

RMDT

skin testing ()?*

12 laboratories in 5 countries
protein content

RAST inhibition

CIE/CRIE

TLIEF

leukocyte histamine release
HPLC

intradermal skin testing (n=5)
20 laboratories in 11 countries
protein content

RAST inhibition
CIE/CRIE/RIE

IEF

SDS-PAGE

leukocyte histamine release
skin prick testing (n=20)

14 laboratories in 10 countries
protein content

RAST inhibition
CIE/CRIE/RIE

IEF

SDS-PAGE

HPLC

ELISA-inhibition
complement inactivation
leukocyte histamine release
19 laboratories in 11 countries
RAST inhibition
CIE/CRIE/RIE/RIA/SRID

IEF

intradermal skin testing (n=3)
skin prick testing (n=43)
leukocyte histamine release
ELISA inhibition

direct RAST

RMDT

HCCT

11 laboratories

protein content

RAST inhibition

CIE/CRIE

IEF

SDS-PAGE

leukocyte histamine release
30 laboratories

protein content

RAST inhibition

TLIEF

HPLC

SDS-PAGE/Western Blot
CIE/CRIE/RIE/SRID
leukocyte histamine release
direct RAST

skin testing (n=9)

6 laboratories

RAST inhibition

protein content

CIE/CRIE
SDS-PAGE/Western Blot
IEF

skin testing (?)+

ELISA inhibition

100 pg Can f 1/ampoule

26-40 pg Amb a 1/ampoule
(85-133 ug Amb a 1/ml)

12.5 g Der p 1/ampoule
0.4 ug Der p 2/ampoule

(21,22

(@3

(@4)

(@9)

(26-29)

(30)

@1

32)

“stated on official NIBSC leafiet, but not mentioned in publications.
+statement in (26) that skin testing had been performed, but respective data is not provided.
CIE, crossed immunoelectrophoresis; CRIE, crossed radioimmunoelectrophoresis; HCCT, human complement consumption test; HPLC, high performance liquid chromatography;
RIA, radioimmunoassay; RIE, rocket immunoelectrophoresis; RMDT, rat mastocyte degranulation test: SRID, single radial immunodiffusion; TLIEF, thin layer isoelectricfocusing.
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Allergen Source Preparation Status Availability Ref.
Cocksfoot Pollen extract non-WHO Reference Material NIBCS 75/506 17
Mannan (C.albicans) purified protein non-WHO Reference Material NIBSC 76/515 (18)
Mannan (C.albicans) purified protein non-WHO Reference Material NIBSC 77/600 (18)
Twelve Grass Pollen extract non-WHO Reference Material NIBSC 77/616 na.
Acarus Siro extract non-WHO Reference Material NIBSC 77/662 na.
Glycyphagus destructor extract non-WHO Reference Material NIBSC 77/664 na.
Tyrophagus putrescentiae extract non-WHO Reference Material NIBSC 78/517 na.
Aspergillus fumigatus extract non-WHO Reference Material NIBSC 78/575 (17,19, 20)
Tyrophagus longior extract non-WHO Reference Material NIBSC 78/582 na.
Honey bee venom venom non-WHO Reference Material NIBSC 78/628 na.

n.a., not available.
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selection of relevant allergen

allergen standard preparation assay for quantification

recombinant allergen allergen extract
initial validation

e.g. linearity, range, LoD, LoQ,

specificity, accuracy, precision,

inter-assay variation , robustness

characterization
e.g. protein content,
protein/allergen profile,
major allergen content,
stability, biological
activity

characterization
e.g. identity, protein
content, purity, folding,
homogeneity, stability,
biological activity,
absolute quantification

validation in large ring trial
e.g. accuracy, precision, inter-
assay + inter-laboratory variation

assignment of potency

formulation for long-term storage

regulatory implementation
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Hov HIv-1 Naive

Number of serum samples 4 15 3
Reads: pill-fusions 151989575 54974260 146232618
Reads: pVill-fusions 139565764 49070090 113,184,586
Total reads 201556339 104044350  259,417.204

85 sera deried from tree groups: HOV inected incvidual, HIV-1 inected inchidas,
anc heathy inchiduals (pive) wer Scroenca as oo independent repeats, agaist ho
two consoldated Domain-Scan itvars (pi-tusions and pVll-tusons). The DNA of the
afinityselected phages v sequenced, and the rumber o reads for each group and
e i i ks
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HIV selected domains
Antigen

00160

position

271320
281330
291310
521570
541500
551600
561610
571620
581630
501640
611,660

‘Amino-acid sequence

‘SENTNNAKTIVOLNESVENGTRPNNNTRKSIRIGPGOAFYATGOIG
INOLNESVEINCTRPNNNTRKSIRIGPGOAFYATGDIGDIROAHONS
INGTRPNNNTRKSIRIGPGOAFYATGDIIGDIRQAHCNISGTIWNKTLOQ
TMGAASITLTVOAROLLSGVOCOSNLLRAEACGHLLOLTVWGKQLOA
VOCQSNLLAAEACOHLLOLTVWGIKOLOARVLAVERYLKDQOLLGMGS
IEAGQHLLOLTVWGIKOLOARVLAVERYLKDQOLLGWGCSGKLICTTTY
TVWGKQLOARVLAVERYLKDQOLLGWGCSGLICTTTVRNSSWSNKS
RVLAVERYLKDOOLLGWGCSGKLICTTTVPNSSWSNKSQDEIWDNMIW
DQOLLGWGCSGKUCTTTVANSSWSNKSQDEWONMIWMEWERENNY
‘SOKLICTTTVPANSSWSNKSCDEWDNMIWMEWERENNYTDIVSLIEE
QDEWDNMTWMEWEREINNYTDIVSLEESONGQEKNECELLALDKWAS

Importance

01
002
014
013
018
o1t
000
008
o1t
008
008
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Antigon

CoRE

Position

16.30
2135
2640
3145
%.50
4155
6175
.80
76.90

101115

120
76.95

86.105
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IEI categories

Predominantly antibody
deficiencies

Combined immunodeficiencies

Diseases of immune
dysregulation

Defects in phagocytes, intrinsic
and innate immunity

Nonfunctional immunoassay

I9G, IgM and IgA

IgD
IgE
IgG subclasses

Salivary IgA

Vaccine response against tetanus toxoid
Vaccine response against diphtheria toxoid
Vaccine response against measles

Vaccine response against mumps

In vivo vaccine response against Streptococcus
pneumoniae

Isohemagglutinins

B cells (CD19* or CD20*)

B cell immune phenotyping

Intracellular BTK expression

Defective cell surface CVID-related protein
expression

TREC

CD4*/CD8" T cells

T cell immune phenotyping

Th17 immunophenotyping

Intracellular Wiskott-Aldrich protein expression
Defective cell surface or intracellular SCID-related
protein expression

ADA-1 erythrocyte activity

PNP erythrocyte activity
Soluble CD25

Defective intracellular HLH-related protein
expression (PRF1, SAP/SH2DIA, XIAP)

Double negative TCRo/B circulating T cells (DNT)
IL-10

IL-18

Soluble FASL

B12 vitamin

Cell surface protein expression: IFNy-R1 and IFNy-
R2

Cell surface protein expression: CD18, CD11a/
CD11b/CD11c, CD15

Method

Nephelometry or
turbidimetry
ELISA

ELISA or fluorimetry
Nephelometry or
turbidimetry
ELISA

ELISA

ELISA

ELISA

ELISA

ELISA

Multiplex
Hemagglutination
Flow cytometry
Flow cytometry
Flow cytometry
Flow cytometry

gRT-PCR

Flow cytometry
Flow cytometry
Flow cytometry
Flow cytometry
Flow cytometry

Fluorometry,
spectrophotometry
LCTMS, ECA
ELISA,
chemoluminescence
Flow cytometry

Flow cytometry
ELISA, ALBIA
ELISA, ALBIA
ELISA, ALBIA
ELISA

Flow cytometry

Flow cytometry

Method
standardization

Standardized

Standardized
Standardized
Standardized

Few initiatives
Standardized
Standardized
Standardized
Standardized
Standardized
Standardized
Standardized
Standardized
Few initiatives
Nonstandardized
Nonstandardized

Standardized
Standardized
Few initiatives
Nonstandardized
Nonstandardized
Nonstandardized

Nonstandardized

Nonstandardized
Standardized

Nonstandardized

Nonstandardized
Standardized
Standardized
Standardized
Standardized
Nonstandardized

Nonstandardized

Quality control
program

Established

Established
Established
Established

Unestablished
Unestablished
Unestablished
Unestablished
Unestablished
Established

Unestablished
Unestablished
Established

Unestablished
Unestablished
Unestablished

Unestablished
Established

Unestablished
Unestablished
Unestablished
Unestablished

Unestablished

Unestablished
Unestablished

Unestablished

Unestablished
Unestablished
Unestablished
Unestablished
Established

Unestablished

Unestablished

Reference range
(including early
age groups)

Standardized

Nonstandardized
Few initiatives
Standardized

Standardized
Standardized
Standardized
Nonstandardized
Few initiatives
Standardized
Few initiatives
Nonstandardized
Nonstandardized

Few initiatives
Standardized
Few initiatives
Few initiatives
Nonstandardized
Nonstandardized

Nonstandardized

Nonstandardized
Few initiatives

Nonstandardized

Nonstandardized
Few initiatives
Few initiatives
Few initiatives
Standardized
Nonstandardized

Nonstandardized

The main methodologies platforms used for each test are also presented. Standardization and quality control stratification for each test are rated as: “standardized/established”, in the case
of robust, clear data available; “few initiatives”, in the case of only reports or low-numbered uncontrolled case series available; or “nonstandardized/unestablished”, in the case of no

trustworthy data available.

ADA-1, adenosine deaminase-1; ALBIA, addressable laser bead immunoassay; ECA, enzymatic colorimetric assay; ELISA, enzyme-linked immunosorbent assay; HLH, hemophagocytic
lymphohystiocytosis; LCTMS, liquid chromatography-tandem mass spectrometry; PNP, purine nucleoside phosphorylase; PRF1, perforin 1; SAP/SH2DIA, SLAM-associated protein/SH2
domain-containing protein 1A; TREC, T cell receptor excision circles; XIAP, X-linked inhibitor of apoptosis.
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Authors Year of publication Sample (n) T cell subset markers Ethnicity Age (y/o) Ref.

Shearer et al. 2003 807 CD45RA American 0-18 (95)
CD45RO
CD62L
HLA-DR
CD38
Bisset et al. 2004 70 CD45RA Swiss Adults* (99)
CD45RO
CD62L
HLA-DR
CD38
Jiao et al. 2009 151 CD45RA Chinese 19-83 (105)
CD45RO
CD62L
HLA-DR
CD28
CD38
Sagnia et al. 2011 352 CD45RA Cameroonian 0-6 (181)
CD45RO
CD62L
HLA-DR
CD38
Moraes-Pinto et al. 2014 463 CD45RA Brazilian 0-48 (229)
CCR7
CD38
Ccb27
Valiathan et al. 2014 150 CD45RA American 12-18; 21-67 (111)
CD45RO
CD62L
HLA-DR
CD28
CD38
Bretschneider et al. 2014 66 CD45RA German 0-72 (230)
CCR7
Ccb27
CD57
Qin et al. 2016 1068 CD45RA Chinese 18-80 (116)
CD45RO
CD62L
HLA-DR
CD28
CD38
Garcia-Prat et al. 2019 159 CD45RA Spanish 0-18 (134)
CD45RO
CCR7

The immunophenotyping panel used by each paper is also depicted, which consisted of different combinations of the staining markers CD45RA, CD45R0, CCR7, CD62L and HLA-DR.
*Exact data not available.
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Authors

Denny et al.
Kotylo et al.
Howard et al.
Comans-Bitter et al.
Lisse et al.
Shahabuddin et al.
Tsegaye et al.

Al Qouzi et al.
Swaminathan et al.
Shearer et al.
Uppal et al.

Chng et al.

Bisset et al.
Lugada et al.
Bussmann et al.
Jiang et al.
Amatya et al.
Gomo et al.
Yaman et al.
Jentsch-Ulrich et al.
Aina et al.

Ampofo et al.
Klose et al.
Al-Jabri et al.

Das et al.

Ngowi et al.
Murugavel et al.
Chama et al.
Oladepo et al.
Lawrie et al.
Buchanan et al.
Shoormasti et al.
Sagnia et al.
Thakar et al.
Pennap et al.
Adoga et al.
Shakya et al.
Garcia-Dabrio et al.
Touil et al.

Wong et al.
Al-Mawali et al.
Moreno-Galvan et al.
Torres et al.
Kamallou et al.
Valiathan et al.
Atanasova et al.
Tembe et al.

Jia et al.

Al-Thani et al.
Prasetyo et al.
Shahal-Zimra et al.
Qin et al.

Zhang et al.
Afolabi et al.

Mulu et al.
Yeshanew et al.
Genetu et al.
Enawgaw et al.
Karn et al.
Kokuina et al.
Louati et al.
Mishra et al.

Niu et al.

Scheffer-Mendoza et al.

*Evact data not available.

Year of publication Sample (n) Cell population

1992
1993
1996
1997
1997
1998
1999
2002
2003
2003
2003
2004
2004
2004
2004
2004
2004
2004
2005
2005
2005
2006
2007
2008
2008
2009
2009
2009
2009
2009
2010
2011
2011
2011
2011
2012
2012
2012
2012
2013
2013
2013
2013
2014
2014
2014
2014
2015
2015
2015
2016
2016
2016
2017
2017
2017
2017
2018
2018
2019
2019
2020
2020
2020

208
130
215
429
803
132
485
209
138
807
94
232

70

3311
437
614
200

1113
220
100
864
249
186
118
252
102
213
541

2570
678
655
233
352

1206
444

1123
602
319
242
273

50
400
925
221
150

72
257

1027
150
241
326

1068
268

1205
481
400
200
967
207
129
143
400
150

50

CD3/CD4/CD8
CD3/CD4/CD8
CD3/CD4/CD8
CD3/CD4/CD8
CD4/CD8
CD3/CD4/CD8
CD3/CD4/CD8
CD3/CD4/CD8
CD3/CD4/CD8
CD3/CD4/CD8
CD4/CD8
CD3/CD4/CD8
CD3/CD4/CD8
CD3/CD4/CD8
CD4/CD8
CD4/CD8
CD3/CD4/CD8
CD4/CD8
CD3/CD4/CD8
CD3/CD4/CD8
CD4

CD4/CD8
CD4/CD8
CD3/CD4/CD8
CD3/CD4/CD8
CD4/CD8
CD3/CD4/CD8
CD4

CD4/CD8

CD4

CD4/CD8
CD3/CD4/CD8
CD3/CD4/CD8
CD3/CD4

CD4

CD3/CD4
CD3/CD4/CD8
CD3/CD4/CD8
CD3/CD4/CD8
CD3/CD4/CD8
CD3/CD4/CD8
CD3/CD4/CD8
CD3/CD4/CD8
CD3/CD4/CD8
CD3/CD4/CD8
CD3/CD4/CD8
CD3/CD4/CD8
CD3/CD4/CD8
CD3/CD4/CD8
CD4
CD3/CD4/CD8
CD3/CD4/CD8
CD3/CD4/CD8
CD4

CD4
CD3/CD4/CD8
CD4

CD4

CD3/CD4
CD3/CD4/CD8
CD3/CD4/CD8
CD3/CD4

CD4
CD3/CD4/CD8

Ethnicity

American
American
American
Deutch
Bissau-Guinean
Saudi Arabian
Ethiopian

Saudi Arabian (male)
Indian
American
Indian
Singaporean (Chinese, Malay, Indian, Caucasian and Eurasian)
Swiss

Ugandan
Botswanan
Chinese

Indian
Zimbabweans (pregnant)
Turkish
German
Nigerian
Ghanaian
Burkinabe
Omani

Indian
Tanzanian
Indian

Nigerian
Nigerian

South African
Tanzanian
Iranian
Cameroonian
Indian

Nigerian
Nigerian
Nepalese
Spanish
Moroccan
Hong Kong Chinese
Omani

Mexican
Brazilian

Iranian
American
Bulgarian
Mozambican
Han Chinese
Qatari
Javanese
Israeli

Chinese
Chinese
Nigerian
Ethiopian
Ethiopian (pregnant)
Ethiopian (pregnant)
Ethiopian
Nepalese
Cuban

Tunisian
Nepalese

Han Chinese
Mexican

Age (y/o)

1-5
0-17
18-67
0-16
0-6
0-13; 18-44
16-45
18-44
3-15
0-18
18-74
16-65
Adults*
0-92
19-36
16-50
18-556
Adults*
18-80
19-85
10-69
18-83
18-78
18-57
Adults*
Adults*
Adults*
Adults*
18- >60*
0-18
20-45
0-6
17-72
16-44
0-50
18-60
4-88
19-49
17-59
18-57
20-40
2-6; 19-56
20-40
12-18; 21-67
Newborns
18-24
0-7
18-55
18-65
17-94
18-80
21-60
0-65
18-65
18-40
18-42
18-61
0-14
18-80
18- >45*
15-60
20-70
Newborns
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Wiener et al. 1990 198 American 5-65 (80)
Reichert et al. 1991 271 Belgium, British, Swedish 18-70 (81)
Kotylo et al. 1993 130 American 0-17 (82)
Kontny et al. 1994 221 German Newborns (83)
Dhaliwal et al. 1995 152 Malay, Chinese and Indian > (84)
Roman et al. 1995 100 Romanian Adults* (85)
Kam et al. 1996 208 Chinese 18-71 (86)
Robinson et al. 1996 233 British 5-13 (87)
Comans-Bitter et al. 1997 429 Deutch 0-16 (88)
Huppert et al. 1998 518 British 64- >80" (89)
Shahabuddin et al. 1998 132 Saudi Arabian 0-13; 18-44 (90)
Santagostino et al. 1999 1311 Italian 18-70 91)
Al Qouzi et al. 2002 209 Saudi Arabian (male) 18-44 92)
Kaaba et al. 2002 127 Kuwaiti Arab 18-59 (93)
Swaminathan et al. 2003 138 Indian 3-15 (94)
Shearer et al. 2003 807 American 0-18 (95)
Ikinciogullari et al. 2004 190 Turkish 0-18 (96)
Timova et al. 2004 495 Central and Eastern European 9-11 97)
Chng et al. 2004 232 Singaporean (Chinese, Malay, Indian, Caucasian and Eurasian) 16-65 (98)
Bisset et al. 2004 70 Swiss Adults* (99)
Yaman et al. 2005 220 Turkish 18-80 (100)
Jentsch-Ullrich et al. 2005 100 German 19-85 (101)
Das Gupta A, Ochani Z 2006 185 Indian 18-49 (102)
Branch et al. 2006 112 Afro-Caribbean Adults* (108)
Al-Jabri et al. 2008 118 Omani (male) 18-51 (104)
Jiao et al. 2009 1561 Chinese 19-83 (105)
Shoormasti et al. 2011 233 Iranian 20-45 (106)
Wong et al. 2013 273 Hong Kong Chinese 17-59 (107)
Al-Mawali et al. 2013 50 Omani 18-57 (108)
Kamallou et al. 2014 221 Iranian 20-40 (109)
Choi et al. 2014 294 Korean 21-80 (110)
Valiathan et al. 2014 150 American 12-18; 21-67 (111)
Valdiglesias et al. 20156 144 Spanish 65-95 (112)
Al-Thani et al. 2015 150 Qatari 18-556 (113)
Jiaetal. 2015 1027 Han Chinese 0-7 (114)
Shahal-Zimra et al. 2016 326 Israeli 17-94 (115)
Qin et al. 2016 1068 Chinese 18-80 (116)
Azarsiz et al. 2017 90 Turkish 0-18 (117)
Kokuina et al. 2019 129 Cuban 18-80 (118)
El Allam et al. 2020 83 Moroccan 0-18 (119)
Lerkvaleekul et al. 2020 182 Thai 0-15 (120)

*Cvact data not available.
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Screening
Cell blood count and peripheral smear
Serum immunoglobulins (IgG, IgA, IgM and total IgE)
Vaccine response against polysaccharide (e.g.: Streptococcus pneumoniae) and protein antigens (e.g.: tetanus toxoid); spontaneous specific antibodies (anti-blood
group Abs, isohemagglutinins)
Peripheral blood basic immunophenotyping: CD3, CD4, CD8, CD19, and CD16/CD56
Complement system assessment: CH50 and AH50
Phagocyte oxidative burst: dihydrorhodamine oxidation assay
TREC copies
Advanced tests
Predominantly antibody deficiencies 1gG subclasses
Vaccine response against neoantigens (bacteriophage, Salmonella typhi capsular polysaccharide vaccine)
B cell immunophenotyping
Intracellular protein expression — BTK
Combined immunodeficiencies affecting cellular and Chromosomal instability
humoral immunity T cell immunophenotyping (flow cytometry)
CD40/CD40L binding assay
Cell surface protein expression — CD132 (IL-2Ry), CD127 (IL-7Rey), MHC land Il
Intracellular protein expression — WASP (Wiskott-Aldrich protein)
Lymphoproliferation in response to mitogens, alloantigens and recall antigens
TCR repertoire analysis: TCR-CDR3 spectratyping and flow cytometry-based TCR VB frequency
Adenosine deaminase and PNP activity
In vitro cytokine production in cell culture supernatant
Diseases of immune dysregulation NK cytotoxic activity assay and CD107a degranulation
Soluble CD25
Intracellular protein expression (PRF1, SAP/SH2DIA, XIAP)
Double negative TCRo/p circulating T cells
Lymphocyte apoptosis assay
Soluble mediators: IL-10, IL-18, soluble FASL and vitamin B12
T regulatory cells (CD4+/CD25+/CD127low/Foxp3+) number and function
STAT1 phosphorylation assay
CTLA-4 functional testing
Defects in intrinsic and innate immunity IL-12/IFNy axis functional assay
Intracellular protein expression: IFNy-R1 and IFNy-R2
Cell surface protein expression: CD18, CD11a/CD11b/CD11c, CD15
IxBo. degradation
TLR functional assays (CD62L shedding)
Autoinflammatory disorders Type 1 interferon signature
Serum IgD
Urinary mevalonic acid
Complement deficiencies Specific complement components
Genetic and molecular tests
Karyotype, FISH, MLPA, copy number variation analysis
Specific single gene-sequencing (Sanger)
Next-generation sequencing (panels, whole-exome or genome sequencing)

A list of the main nonfunctional IEI diagnostic tests is provided and should be individually considered according to the stage of investigation.
AH50, total hemolytic complement (alternative pathway); ALPS, autoimmune lymphoproliferative syndrome; CH50, total hemolytic complement (classic pathway); FISH, fluorescence in
situ hybridization; IEl, inborn errors of immunity; MLPA, multiplex ligation-dependent probe amplification; TCR, T cell receptor; TLR, Toll-like receptors; TREC, T cell receptor excision circle.
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Category Clinical Clinical prototypes Causative % of total

phenotypes (n) genes (n) IEI (7)
Immunodeficiencies affecting cellular and 58 SCID 59 7
humoral immunity
Combined immunodeficiencies with 68 Wiskott Aldrich syndrome, DiGeorge syndrome, Bloom syndrome, 63 11
associated or syndromic features ataxia telangiectasia, hyper-IgE syndrome
Predominantly antibody deficiencies 48 ‘Agammaglobulinemia, CVID 40 57
Diseases of immune dysregulation 46 HLH, ALPS, IPEX, APECED 45 6
Congenital defects of phagocyte number or M CGD, LAD a1 8
function
Defects in intrinsic and innate immunity 64 CMC, MSMD, recurrent HSE 67 2
Autoinflammatory disorders 43 FMF, CAPS, TRAPS, MVKD, PAPA syndrome, type 1 42 3

interferonopathies

Complement deficiencies 27 Complement components deficiencies, hereditary angioedema 33 2
Bone marrow failure 8 Fanconi anemia, dyskeratosis congenita 40 3

The total numbers of clinical phenotypes and causative genes are also represented for each category. Of note, these two variables are not always identical due to the presence of different
clinical phenotypes caused by a single gene and vice versa. The frequencies of each representative category within the total number of IEl patients according to the Latin American Society
of Immunodeficiencies (7) are also depicted.

ALPS, autoimmune lymphoproliferative syndrome; APECED, autoimmune polyendocrinopathy with candidiasis and ectodermal dystrophy; CAPS, cryopyrin-associated periodic
syndrome; CGD, chronic granulomatous disease; CMC, chronic mucocutaneous candidiasis; CVID, common variable immunodeficiency; FMF, familial Mediterranean fever; HLH,
hemophagocytic lymphohistiocytosis; HSE, Herpes simplex encephalitis; IEI, inbom errors of immunity; IPEX, immune dysregulation, polyendocrinopathy, enteropathy X-linked; IUIS,
International Union of Immunology Societies; LAD, leukocyte adhesion deficiency; MSMD, Mendelian susceptibility to mycobacterial disease; MVKD, mevalonate kinase deficiency; PAPA,
pyogenic sterile arthritis, pyoderma gangrenosum, acne; SCID, severe combined immunodeficiency; TRAPS, TNF receptor-associated periodic syndrome.
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Durand Hospital

Fleury Laboratory

TU Dresden

Study design Databank analysis
Number of samples/records 383
AC patterns in samples with reactivity to SS-A/Ro
Frequency of a-SS-A/Ro @ (% over total samples) 96 (25.1%)
Frequency of AC-4a pattern 23 (24%)
Frequency of AC-4b pattern 23 (24%)
Frequency of other patterns 50 (52.1%)
AC patterns in samples not reacting to SS-A/Ro
Frequency of a-SS-A/Ro @ (% over total samples) 287 (74.9%)
Frequency of AC-4a pattern 11 (3.8%)
Frequency of AC-4b pattern 77 (26.8%)
Frequency of other patterns 199 (69.3%)
Frequency of anti-SS-A/Ro reactivity in samples with the AC4-a pattern
Frequency of AC-4a pattern (% over total samples) 34 (8.9%)
Frequency of anti-SS-A/Ro & 23 (67.6%)
Frequency of anti-SS-A/Ro reactivity in samples with the AC4-b pattern
Frequency of AC-4b pattern (% over total samples) 100 (26.1%)
Frequency of anti-SS-A/Ro @ 23 (23%)

Databank analysis
144,471

7,850 (5.4%)
3,694 (47.1%)
2,371 (30.2%)
1,785 (22.7%)

136,621 (94.6%)
140 (0.1%)
33,541 (24.6%)
102,940 (75.3%)

3,836 (2.7%)
3,692 (96.3%)

34,958 (24.2%)
2,363 (6.8%)

Sample analysis
481

381 (79.2%)
237 (62.2%)
78 (20.5%)
66 (17.3%)

100 (20.8%)
4 (4%)
85 (85%)
11 (11%)

241 (63.3%)
237 (98.3%)

163 (42.8%)
78 (47.9%)

*This table provides an overview of the results from the three centers and should not be used for a formal comparison, because the selection criteria are different for the three centers.
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DAA present HEp-2 IFA patterns p-value**
AC-4a AC-4b AC-1 Other AC-0
All RoB0 70 (97.2)° 380.7) 34 (15.8) 148 (11.9) 5(0.5) <0.001
Ro60 + SS-B/La 7(10) 4(7.4) 2(1.3 12(1.0) 0 NS
Ro60 alone 55 (76.4) 27 6.9) 3(1.4) 99 (7.9) 4(0.4) <0.001
RNP/Sm 0 4(1.0 10 (4.7) 56 (4.5) 1(0.1) NS
Native DNA 1(1.4) 10 (2.6) 64 (29.8) 43 (3.4) 3(0.3) <0.001
Nucleosome 70.7) 17 4.3) 144 (67) 99 (7.9) 14 (1.4) <0.001
Scl-70 0 0 0 2(0.2) 0 NS
No DAA 228 338 (86.2) 64 (29.8) 980 (78.6) 1,006 (98) <0.001
Total 72 (100) 392 (100) 215 (100) 1,247 (100) 1,027 (100)

*All samples were tested for the following disease-associated autoantibodies (DAA): Ro60, SS-B/La, Sm, U1-RNP, Scl-70, native DNA, and nucleosome. **The statistics compared the
frequency of pattems in samples with a given autoantibody vs. all the other samples negative for that autoantibody. §Percentages represent the frequency of any given autoantibody
specificity in relation to the total of samples with the respective pattern. NS, non-significant.
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Patterns (AC codes)

AC-1

AC-2

AC-3

AC-4

AC-5

AC-6

AC-7

AC-11/12
AC-XX (nucleus)
AC-15/16/17
AC-18

AC-19

AC-20

AC-21

AC-23

AC-XX (cytoplasm)

Pattern robustness score (PRS)?

67.9
54.4
78.4
42.3
7.3
736
27.6
23.6
161
29.3
6.3
36.1
19.3
68.6
5.6
9.0

Immunofluorescence reactivity

Strong
N (%)

55 (70.5%)
14 (87.5%)
15 (88.2%)
100 (37.9%)
37 (82.2%)
4 (80.0%)
14 (66.7%)
7 (70.0%)
15 (31.9%)
4 (50%)
4 (66.7%)
12 (85.7%)
3 (42.9%)
40 (67.8%)
4(57.1%)
3(37.5%)

Weak
N (%)

23 (29.5%)
2 (12.5%)
2 (11.8%)

164 (62.1%)
8 (17.8%)

1 (20.0%)

7 (33.3%)

3(30.0%)

32 (68.1%)
4 (50%)0
2 (33.3%)
2 (14.3%)
4(57.1%)

19 (32.2%)
3 (42.9%)
5 (62.5%)

Total

78

16

17
264

Immunofiuorescence reactivity: strong (+++/4 and ++++/4); weak (+/4 and ++/4).

“The reproducibility of each pattern using different HEp-2 kits is displayed as the PRS (see Material and Methods) and expresses the robustness of the respective HEp-2-IFA pattern.
Robustness of HEp-2-IFA patterns was arbitrarily classified as excellent (75>PRS), satisfactory (50>PRS < 75), moderate (25>PRS < 50), and poor (1>PRS < 25).
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Cell compartment and reactivity intensity Clinical group

SAD (n = 238) NAD (n = 119) HBD (n = 109)

Total agreement® Total Total agreement Total Total agreement Total
Nucleus
Intensity 1+ 1(4.3%)° 23° 1(1.5%) 68 1(1.0%) 104
Intensity 2+ 5(17.9%) 28 8 (13.8%) 58 8 (12.7%) 63
Intensity 3+ 16 (47.1%) 34 9 (45.0%) 20 9 (39.1%) 23
Intensity 4+ 129 (86.6%) 149 7 (100.0%) 7 9 (75.0%) 12
Total 151 (64.5%) 234 25 (16.3%) 153 27 (13.4%) 202
Nucleolus
Intensity 1+ 0 7 0 15 0 9
Intensity 2+ 0 8 1(16.7%) 6 1(33.3%) 3
Intensity 3+ 1(10.0%) 10 2 (66.7%) 3 0 2
Intensity 4+ 1(25.0%) 4 0 0 0 0
Total 2 (6.9%) 29 3 (12.5%) 24 1(7.1%) 14
Plate
Intensity 1+ 0 6 0 15 0 7
Intensity 2+ 0 13 1(7.7%) 13 0 8
Intensity 3+ 1(3.7%) 27 2 (15.4%) 13 4(40.0) 10
Intensity 4+ 50 (54.9%) 91 3 (60.0%) 5 4(57.1) 7
Total 51 (37.5%) 136 6 (13.0%) 46 8(25.0) 32
Cytoplasm
Intensity 1+ 0 15 0 21 0 5
Intensity 2+ 1 (5.6%) 18 0 18 0 8
Intensity 3+ 7 (21.2%) 33 1 (8.3%) 12 0 2
Intensity 4+ 23 (62.2%) 37 1 (33.3%) 3 0 0
Total 31 (33.3%) 93 2 (3.7%) 54 0 15
Mitotic apparatus
Intensity 1+ 0 1 0 2 0 4
Intensity 2+ 0 0 0 6 0 1
Intensity 3+ 0 0 0 1 0 0
Intensity 4+ 2 (66.7%) 3 0 0 0 0
Total 2 (50.0%) 4 0 9 0 5

*Total reactivity agreement implies that reactivity was observed in the four slide brands.
“Number of samples showing total agreement.
®Total number of samples in each category of reactivity intensity.
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Cell compartment RAS Comparison between clinical groups

p-value
SAD NAD HBD SAD x NAD SAD x HBD NAD x HDB
Nucleus 90.0 76.7 76.0 <0.001 <0.001 1.000
Nucleolus 72.3 75.0 68.0 1.000 1.000 1.000
Metaphase plate 79.5 75.8 79.5 0.598 1.000 1.000
Cytoplasm 81.8 68.9 71.9 0.001 0.288 1.000

RAS, reactivity agreement score. Level of statistical inference calculated by the Kruskal-Wallis test.
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Clinical group

ALL

SAD

NAD

HBD

Global reactivity®

REA
NR
REA
NR
Total
REA
NR
Total
REA
NR
Total

HEp-2 cell kit
X Y z w
358 (76.8%) 309 (66.3%) 411 (88.2%) 365 (78.3%)
108 (23.2%) 157 (33.7%) 55 (11.8%) 101 (21.7%)
221 (92.9%) 214 (89.9%) 225 (94.5%) 216 (90.8%)
17 (7.1%) 24 (10.1%) 3 (5.5%) 22 (9.29%)
238 238 238 238
63 (52.9%) 56 (47.1%) 93 (78.2%) 76 (63.9%)
56 (47.1%) 63 (52.9%) 26 (21.8%) 43 (36.1%)
119 119 119 119
74 (67.9%) 39 (35.8%) 102 (93.6%) 73 (67.0%)
35 (32.1%) 70 (64.2%) 7 (6.4%) 36 (33.0%)
109 109 109 109

p-value

<0.001

0.108

<0.001

<0.001

“Global reactivity refers to reactivity in any cell compartment. REA, reactive; NR, nonreactive; SAD, systemic autoimmune disease; NAD, nonautoimmune disease; HBD, healthy blood

donors; p-value, inference level of Cochran’s Q test.
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Type of HAE C1-INH C1-INH c4 Ci1g  Anti-C1-INH Total function of the Mutation in the Mutation in genes other than

function concentration antibody classical pathway SERPING1gene SERPING1
HAE-C1-INH Low Low Low  Normal No Low Yes No
Type |
HAE-C1-INH Low Normal/ Low  Normal No Low Yes No
Type Il Elevated
AAE-C1-INH Low Low Low Low Yes* Low No No
AAE-ACEI Normal Normal Normal Normal No Normal No No
AAE-InH Normal Normal Normal Normal No Normal No No
HAE-nIC1-INH Normal Normal Normal Normal No Normal No Yes (F12, PLG, ANGPT1, KNG1,

MYOF, and HS3ST6)

U-HAE Normal Normal Normal Normal No Normal No Unknown genetic background

*Anti-C1-INH antibody is not present in all the patients. HAE-C1-INH: Hereditary Angioedema with C1 inhibitor deficiency; AAE-C1-INH: Acquired Angioedema with C1 inhibitor
deficiency; AAE-ACEi: Acquired angioedema induced by angiotensin-converting enzyme inhibitors; HAE-nIC1-INH: Hereditary Angioedema with normal C1 inhibitor; U-HAE: Hereditary
Angioedema with normal C1 inhibitor and unknown mutation.
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HLA allele Dapsone-induced SCARs. Dapsone-induced SISITEN Dapsone-induced DRESS.
Sensitvty Specificity PPV NPV Sensitivity Spocifity PPV NPV Snsitity Specificty PPV NPV

HAB1301 7647 231 1237 964 5000 070 2080 928 6923 9474 1574 9954
HAC03.01 6667 8182 495 9942 4286 0474 1036 0915 5656 8571 523 9927
HLA.DRB115:01 5835 7955 389 925 3750 9450 897 9907 4444 B33 365 9900
HLA.DOBI 0601 583 7955 389 926 2857 o201 489 9891 5000 8537 466 99.13
HLAB13:01/-C'0300 8000 8261 613 966 6000 9500 1455 9941 7143 8636 692 9959
13:01/-DRB1"15:01 7143 7755 4% 948 5000 9268 884 9924 6000 8261 467 9932
13:01/-DQB1°0601 8333 7800 510 970 5000 070 709 922 8000 8478 695 9967
B113.01/ DRBI'15:01/ 7500 7500 400 953 5000 070 709 9922 6667 8125 481 9942
paB106:01
HLA-DRBI"15:01/-DQB1 0601 6250 7708 373 931 4000 9250 701 9909 5000 8222 381 9914
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NS1 detection assay DENV1 DENV2 DENV3 DENV4

31.25 ng/mL 31.25 ng/mL 15.625 ng/ 31.25
mL ng/mL

Sensitivity of DENV serotype NS1 muitiplex LFIA in the detection of NS1. Each NS1 protein serotype was immunoaffinity-purified and serially diluted prior to analysis.
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Hybridoma Isotype Type of epitope Reactivity of four DENV serotypes (DENV1-4) Specificity

Western blot® ELISA®

D1 D2 D3 D4 D1 D2 D3 D4
82-1.1 19G1,x linear + + + + + + + + NS1
51-1.1 19G2b,x conformational + - - - + - - = NS1
33-7.1 19G1,x conformational - + - - - + - - NS1
43-1.3 I9G2a,x conformational - - + - - - + = NS1
22-1.5 19G1,x conformational - - - + - w - # NS1

“The lysates of C6/36 cells infected with different dengue virus serotypes were treated using SDS-PAGE sample buffer and then subjected to gel electrophoresis before being transferred to
a nitrocellulose membrane and blotted with each mAb.

bDifferent NS1 antigens were immunoaffinity-purified from cell culture supematants of Vero cells infected with different serotypes of DENV. Microwell plates were coated with specific NS1
antigens and reacted with each mAb.
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D1

1333% Taiwan
10.00% Cambodia
2333% Indonesia
333% Laos
26.67% Malaysia
10.00% Thailand
10.00% Vietnam
3.33% unknown

Total=30
D3

47.83% Indonesia
435% Malaysia
8.70% Myanmar
34.78% Philippines.
435% Singapore

Toal-23
Other fever

91.46% Taiwa
2.44% Maldives
3.66% Myanmar
2.44% Thailand

Total=§2

D2

Total=18

3235% Taiwan
5.88% Cambodi
294% India
20.41% Indonesia
2.94% Philippines
294% Sing;
588%
14.71% Vietnam
294% unknown

38.89% Indonesia
5.56% Myanmar
5.56% Philippines
1111% Singapore
5.56% Thailand
33.33% Vietam
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Population name

Granulocytes
Neutrophils
Eosinophils
Basophils
Monocytes
classical monocytes
intermediate monocytes
nonclassical monocytes
Dendritic cells
myeloid dendritic cells
plasmacytoid dendritic
cells
Innate lymphoid cells

Innate lymphoid cells 1

Innate lymphoid cells 2

Innate lymphoid cells 3
NK cells

T cells

TCRyd+ T cells

CD4 helper T cells
CD4 naive
CD4 Central Memory
CD4 Effector Memory
CD4 CD45RA+ effector
memory
Regulatory T cells
Foliicular helper T cells

CD8 cytotoxic T cells
CD8 naive
CD8 Central Memory
CD8 Effector Memory
CD8 CD45RA+ effector
memory

B cells

B naive

B double negative

B nature Effector

B switched Memory

Population code

Granulocytes
Neutrophils
Eosinophils
Basophils

Monocytes
class Mono
inter Mono
nonc Mono

Dendritic cells
mDC
pDC

Innate lymphoid
cells

ILC-1

ILC-2

ILC-3
NK cells

T cells
Tgd
CD4
CD4 naive
CD4 CM
CD4 EM
CD4 TEMRA

Treg

Tth

CD8

CD8 naive
CD8 CM
CD8 EM
CD8 TEMRA

B cells
B naive
Bdn
B nat Eff
B sw Mem

Immunophenotype

CD45+/CD3-/CD19-/
SSC high/CD16+

SSC very high/CD16-

SSC low/CD123+HLA-DR-

OD45+/CD3-/CD19-/SSC low/CD123-/HLA-DR+/CD1 10+
CD14+CD16-

CD14+CD16+

CD14-CD16+

CD45+/CD3-/CD19-/SSC low
CD123-/CD116+/CD16-CD14-HLA-DR++

CD123+ HLA-DR+

CD45+/CD3-/CD19-/SSC very low/CD123-/HLA-DR-/CD14-/CD127+/CD16-

CRTH2-CD117-
CRTH2+CD117-

CRTH2-CD117+

CD46+/CD3-/CD19-/SSC very low/CD123-/HLA-DR-/CD14-/CD127-/CD56+ and/or
cD16+

CD45+/SSClow/CD3+/CD19-/

TCRgd+

CD4+/CD8-

CD45RA+/CD27+

CD45RA-/CD27+

CD45RA-/CD27-

CD45RA+/CD27-

CD25+CD127-
CDA45RA-/CXCR5+
CD4-/CD8+
CD45RA+/CD27+
CD45RA-/CD27+
CD45RA-/CD27-
CD45RA+/CD27-

CD46+/SSClow/CD3-/CD19+
IgD+/CD27-

1gD-/CD27-

IgD+/CD27+

IgD-/CD27+

The background cut-off value was determined as the median of the 90 percentile FMO values from all analyzed donors.

Background cut-off
(ABC units)

408
632
357

384
353
350

396
309

336
312
459
229

461

369
471
406
360

305
415

384
425
396
338

773
732
786
727
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Fluorochrome -
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Target CD127 CD45 CRTH2 CD56 CD117 testedCD CD3 CD19 CD14 CDi1c CD123 HLA-DR CD16
clone A019D5 2D1 BM16 HCD56 104D2 UCHT1 LT19 MEM-15 BU15 6H6 L243 3G8
Volume 1.25 pl Sul 2u 1254 25pl 25u 25 254 1254 1254l 25l 25
Adaptive tube
Orange
Target CD45RA  CD45 CXCR5 CD27  tested CDh127 CD4 IgD TCRgd CD19  CD25 CD3 CD8
CD
clone MEM-56 2D1 J252D4  LT27 AO19D5 MEM-  1A6-2 B1 LT19 MEM- UCHT1 MEM-31
241 181
Volume 5l Syl 0625 25 0.625 pl 25u 25 Sul 1254 125l 25l 25 dried

reagents

Dried reagents shaded.
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Reference tests N Percentage (%)

RT-PCR+/NS1-/lgM/lgG- 7 3.74
RT-PCR+/NS1+/gM/IgG- 81 43.32
RT-PCR+/NS1+/gM/IgG+ 16 856
RT-PCR-/NS1+/IgM/gG+ 1 053
RT-PCR-/NS1-/IgW/IgG- 82 4385
Total 187 100.00

Result composition for 187 cases using three reference methods: Dengue serotype-specific 1-step SYBR Green |-based RT-PCR, Platelia Dengue NS1 AG ELISA/or Dengue NST ELISA
for serotype, and dengue virus specific IgM/IgG capture ELISA.
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Requirement— Clinical purpose/
Routine screening

Confirmation
Rapid testing

Therapy follow-up
Prediotion relapse

Automation®

Yes

No
No

Yes
Yes

Type of result®

Quantitative

Qualitative
Qualitative

Quantitative
Quantitative

Interpretation

Likelihood ratio for test-resuit
intervals

Single cut-off
Single cut-off

% relevant decrease
% relevant increase

Remark

For follow-up end-point results to be
determined

Can be outsourced to reference laboratory

Anti-GBM antibodies to be included; for
follow-up to be quantified in routine assay

To be determined in similar dilutions
To be determined in similar dilutions

Automation includes data exchange with the laboratory information system because this reduces administrative errors; for confirmation and rapid testing the numbers are expected to
be rather low, making automation less advantageous.

bOptimally, all results are quantitative.





OPS/images/fimmu.2022.852452/table3.jpg
Virus Test concentration  Reactivity of a virus as a function of the number of assays with positive result/total number of assays

Dengue NS1 Ag (SD) Dengue NS1 Ag strip (Bio-Rad) DENV serotype NS1 multiple LFIA

D1 D2 D3 D4

Dengue virus-1 21016 pfu/ml 3/3 3/3 3/3 0/3 0/3 0/3
Dengue virus-2 1076 pfu/ml 3/3 3/3 0/3 3/3 0/3 0/3
Dengue virus-3 8*101 5pfu/ml 3/3 3/3 0/3 0/3 3/3 0/3
Dengue virus-4 5*10A5 pfu/ml 3/3 3/3 0/3 0/3 0/3 3/3
Japanese encephalitis virus 10A7pfu/ml 3/3 0/3 0/3 0/3 0/3 0/3
Zika virus 1017 pfu/ml 3/3 0/3 0/3 0/3 0/3 0/3
Yellow Fever 17D 21015 pfu/ml 0/3 0/3 0/3 0/3 0/3 0/3
West Nile virus 5*1077 pfu/ml 3/3 0/3 0/3 0/3 0/3 0/3
Chikungunya virus 5*1077 pfu/ml 0/3 0/3 0/3 0/3 0/3 0/3

In bold: Only to highlight the assay results.
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Level of harmonization

Consensus and/or proposal

Responsibility

Gating policy

Testing algorithm

Reporting of results

Interpretation of results

Ciinical manifestations for ANCA testing include:

* Glomerulonephritis, especially rapidly progressive glomerulonephritis

« Pulmonary hemorrhage, especially pulmonary renal syndrome

« Cutaneous vasculiis with systemic features

Multiple lung nodules

Chronic destructive disease of the upper airways

Long-standing sinusitis or ofitis

Subglottic tracheal stenoses

Mononeuritis multiplex or other peripheral neuropathy

Retro-orbital mass

Scleritis

 Use high-quality immunoassays (both MPO- and PR3-ANCA) is recommended as the first
screening method for detection of ANCA in patients suspected of AV

+ If the resut is negative and there is a high ciinical suspicion of AV, include a distinct
antigen-specific immunoassay (or lIF) to increase sensitivity

* If the resut is low-positive, confirm the result with a distinct antigen-specific immuncassay
(or lIF) to increase specificity

 Report quantitative results in combination with the cut-off value(s) provided by the manufacturer

o If available, provide likelihood ratio's for test result intervals or communicate the test results
associated with alikelhood ratio of 0.1, 1, 10 and 30

* In case of a rapid ANCA test, an initial qualitative resuit may be sufficient, but a note is to be
added that the result of the routine quantitative ANCA test will follow

+ Interpret the result in the context of the ciinical manifestations of the patient

+ Interpret the result in the context of the ANCA level

+ If available, interpret the likelihood ratio based on the Bayes theorem

Clinician

Laboratory specialist

Laboratory specialist

Clinician
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