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Introduction

The complexity of the immune system at the gene, protein, cell, and organism levels continues to provide a major challenge. Genomic landscaping, single-cell analysis and mass data acquisition including genome, transcriptome, metabolome, and proteome have now added new levels of complexity. With the rapid progress in these and other fields of immunology, it has become more important than ever to agree on uniform nomenclatures, i.e. to agree on how to name novel genes, proteins, cells, and biological reagents.

Names given initially might, in retrospect, not always be logical. For example, tumor necrosis factor (TNF) was named on the basis of the observation of central necrosis in an experimental subcutaneous mouse tumor model (1). It was only after many unsuccessful studies in cancer, that eventually the role of TNF as a master cytokine in inflammation emerged. By that time, it was too late to rename the molecule because that would cause renewed confusion.

Another cytokine has been successfully renamed. Interleukin-6 was initially known as B-cell Stimulatory Factor 2, Cytotoxic T lymphocyte Differentiation Factor, Hybridoma Growth Factor, Hepatocyte Stimulating Factor, and Interferon Beta-2. Obviously, such usage of different names for the same item can lead to confusion and may hinder progress in the field. These two examples demonstrate the need for a consensus nomenclature, which is timely applied.

Indeed, the impacts of early consensus nomenclature are enormous, and the immunological community has an excellent track record of conducting worldwide cooperative efforts on nomenclature issues (2). Remarkable examples of these include nomenclature for antigen receptor (IG and TR) genes (3), cytokines and chemokines and their receptors (4), as well as allergens (5), cell types (6, 7) and the CD nomenclature for monoclonal antibodies (8).

More recently, nomenclature initiatives agreed on an early consensus regarding classification of leukocytes. The monocyte nomenclature proposal in 2010 defined the population of “intermediate monocytes” (7), resulting in >2000 returns for this term under Google Scholar. Furthermore, consensus nomenclature has been defined for innate lymphoid cell (ILC) subsets (6), which will undoubtedly drive discoveries into their roles in tissue homeostasis, morphogenesis, metabolism, repair, and regeneration.

With the many achievements reached in the past 40 decades, there is a wealth of experience to draw upon, especially within the subcommittees of the Nomenclature Committee of the International Union of Immunological Societies (IUIS; https://iuis.org/). The IUIS Nomenclature Committee is fostering nomenclature efforts by providing a platform that currently includes the activities of altogether 11 nomenclature subcommittees (https://iuis.org/committees/nom/). Each subcommittee consists of a representative group of experts in the field, independently decides on nomenclature on the basis of consensus, and is typically endorsed by IUIS and one or more sister societies (e.g. Allergens by AAAI/EAACI/IUIS, Complement by ICS/IUIS).

The present Research Topic aims to highlight the need to address controversies and to stress the importance of nomenclature based on consensus within the immunology community. Twelve articles are included in this Research Topic, and are categorized into the following types: two Original Research (Kalina et al; Magadan et al.), four Reviews (Gunther et al.; Heger et al.; Ohlin et al.; Sanz et al.), two Mini Reviews (Chan et al.; Del Fresno et al.), two Opinions (Hsiao et al.; Zlotnik), and two Perspectives (Bohlson et al.; Busse et al.). The contributions are briefly covered below with the subtopics soluble mediators, cell surface receptors, immunoglobulin genes, cells of the immune system and allergens.



Soluble Mediators

The nomenclature of complement components dates back to the 1960s (9), followed by a formalized nomenclature of the later discovered alternative pathway in 1981 (10). In 2014, an updated nomenclature of these components with inclusion of newly-identified receptors was published (11). Despite these collaborative efforts, in this issue Bohlson et al. identify several unresolved naming issues. Most importantly, in their present proposal, the nomenclature for the cleavage fragments of C2 is brought into line with all other components (C3, C4, C5, Factor B), such that the smaller fragment is now designated “C2a”and the larger fragment “C2b”. Additional updates to clusterin, C1 complex activation states recognition molecules (PRMs) and enzymes of the lectin pathway and regulatory proteins of the complement system are proposed as an update to the 2014 Nomenclature.

Nomenclature of soluble mediators of the immune system has been a major challenge, and this was recognized already in the 1970s, resulting in the consensus nomenclature of IL-1 and IL-2. Despite such activities and structured naming of cytokines, chemokines and their receptors, Zlotnik identifies several current issues and challenges. These include the ‘neutral’ nomenclature of interleukins, which does not relate to their (inflammatory or anti-inflammatory) biological activity, or their evolutionary relationships. Furthermore, the CXC and CC chemokines are well-defined, but challenges have arisen for more recently-identified chemokines that are located in other genomic regions. Thus, in this field there are ongoing nomenclature challenges, which require clear and perhaps updated definitions of what would qualify as a novel cytokine and/or chemokine.



Cell Surface Receptors

Since the 1980s, Human Leukocyte Differentiation Antigen (HLDA) workshops have been organized to test and name clusters of antibodies that reacted with a specific antigen (8). These cluster of differentiation (CD) markers provided consistency and uniformity in manuscripts when referring to identical molecules. CD markers have proven critical for the identification and isolation of leukocytes and lymphocyte subsets, the diagnosis and follow-up of hematological malignancies, autoimmune diseases, and immunodeficiencies, and the monitoring of cancer immunotherapy. However, there are important gaps in our knowledge of CD molecule expression profiles, especially because of the major advances in multiparametric flow cytometry over the last 30 years. The paper by Kalina et al. presents a pilot study that shows the expression patterns of CD1 to CD100 on 47 leukocyte subsets from the blood, thymus and tonsil, using highly standardized eight-color flow cytometry. The resulting dataset includes median antibody binding capacities and percentage of positivity for all markers on all subsets, and can be explored online through an interactive CD Maps web resource (www.hcdm.org). The data presented in this paper will provide a better picture of the surfaceome of human leukocytes and increase our understanding of leukocyte biology.

The Ca++-dependent type lectin receptors (C-type lectin receptors; CLRs) offer an example for Babylonian speech confusion. Del Fresno et al. explain that there can be up to seven different names for a single CLR, and that the same name is used for different CLRs between man and mouse. Here they analyzed the frequency of use of the different names in the literature. They suggest the gene name be mentioned for a given CLR plus the most frequently used name in the abstract of every paper on the topic. This recommendation can help to overcome the nomenclature confusion in the field.

A nomenclature for adhesion G protein–coupled receptors (ADGR) was published several years ago (12). In this nomenclature the brain-specific angiogenesis inhibitor 1 (BAI1) has been renamed ADGRB1. For this receptor, expression in macrophages had been reported in 2007. Hsiao et al. revisit this point and they have extracted data on ADGRs from proteome and transcriptome repositories. None of the available data sets contained a signal for ADGRB1 in monocytes/macrophages and this included RNAseq analyses, which can pick up low abundance transcripts. The study contributes to clarification of an important issue in the field of ADGRs.



Immunoglobulin Genes

Previously-unreported IGHV alleles are often a conspicuous presence in human datasets of rearranged VDJ gene sequences (13, 14), but there has been no mechanism by which they can be named. With support from the ImMunoGeneTics (IMGT) Group, Ohlin et al. describe processes that can now lead to the official naming of such sequences.

Magadan et al. describe a new nomenclature to deal with the complexities of the IGH loci of salmonid species. This task is made particularly challenging by the fact that the IGH loci of salmonid species are duplicated on separate chromosomes, and both loci can rearrange to form functional VDJ genes. In this study, genomic assemblies of the IGH loci of the Atlantic salmon and Rainbow trout have been annotated, and IG genes have been named according to the IMGT positional-within-locus nomenclature rules.

Busse et al. address the nomenclature challenges that arise from structural variation in the IGH loci of laboratory mice. The IMGT positional-within-families mouse IGH nomenclature is based upon annotations of the IGH locus of the C57BL/6 mouse genome reference sequence, but this sequence is remarkably different to the IGH loci of other inbred strains (15, 16). Busse and colleagues outline the principles that should guide the development of a new nomenclature to deal with this challenge. They argue in favor of a non-positional nomenclature, for this would facilitate the naming of hundreds of mouse IGHV genes that are now known, but which remain unmapped and unnamed. Non-positional nomenclature would also avoid the need for the renaming of some IGHV sequences, when new genome assemblies identify errors in previous gene maps. Such changes have resulted in confusion within the research community in the past.



Cells of the Immune System

With the availability of an increasing number of new markers, there is the temptation to define more and more cell subsets. While in the past a bimodal expression of a cell surface molecule on a given leukocyte was considered sufficient to define two subsets, we now require, in addition, a differential transcriptome, differences in function and, for consolidation, informative clinical associations.

The renewed attention to B cells during the last decade has resulted in the identification of many new subsets that are inconsistently defined and named. Thus, there is an urgent need for a consistent nomenclature of human B cells to allow for inter-laboratory interpretability. The very comprehensive review by Sanz et al. presents a unified approach of classification based on phenotypic standardization. The authors propose the use of seven surface markers, using multiparameter flow cytometry, to define a variety of functionally-distinct B-cell populations. They also discuss the need for awareness that not all current surface antigens being utilized for defining distinct B-cell subsets are sufficiently conclusive. This Perspective is meant to initiate a discussion in the B-cell community with the aim to reach an international consensus nomenclature for B cells.

The heterogeneity of monocytes and dendritic cells and the impact of extensive data sets is covered by Gunther et al.. The paper points out that many different myeloid cell types and subsets have been defined on the basis of morphology, cell surface marker expression and function. Much of this has been confirmed by mass cytometry, multicolor flow cytometry, and by single cell sequencing, but additional populations emerged. The pitfalls of these novel approaches, including misclassifications, are discussed and unbiased strategies for future research are presented.

The nomenclature of dendritic cells has been difficult because of a trend to name any cell “dendritic cell”, as long as it could induce a T cell response. More recently, a more stringent definition has been used with pDCs, DC1s and DC2s being considered bona fide DCs. With respect to DC2s, a detailed analysis has demonstrated there is a subset, which lacks typical DC features but instead shows markers and functions that are characteristic of monocytes/macrophages. Heger et al. review the latest developments in this area and discuss whether or not these cells belong to the monocyte lineage.



Allergens

Since at least the early 1980s leading allergists started to standardize the naming process for protein allergens that cause IgE-mediated reactions in humans. The use of the taxonomic name of the source organism now ensures a consistent nomenclature that enables communication within allergy research and clinical care and with external regulatory bodies (17). Today, applying for a unique name from the WHO/IUIS Allergen Nomenclature Sub-Committee is a critical step prior to the publication of data on a novel allergen (5).

The paper by Chan et al. reviews the current procedures and requirements for the submission of new proteins allergens and the reasons behind recent changes. These changes are related to advances regarding a) the amount and route of exposure that causes a protein to become an allergen; b) the structural biology of allergen subunits and their contribution to larger complex allergen structures; c) non-protein allergens such as complex carbohydrates. This paper will be helpful to colleagues, who plan on submitting new allergens to the Allergen Nomenclature Committee.

Together, the articles in this Research Topic illustrate the ongoing need for active governance of existing and assignment of new nomenclatures. There is vast experience in the immunological research community to deal with such complex issues. The IUIS Nomenclature committee has a history of bringing leaders in the field together for timely and open discussion, and will remain committed to supporting current and new consensus nomenclature initiatives.
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Immunoglobulins or antibodies are the main effector molecules of the B-cell lineage and are encoded by hundreds of variable (V), diversity (D), and joining (J) germline genes, which recombine to generate enormous IG diversity. Recently, high-throughput adaptive immune receptor repertoire sequencing (AIRR-seq) of recombined V-(D)-J genes has offered unprecedented insights into the dynamics of IG repertoires in health and disease. Faithful biological interpretation of AIRR-seq studies depends upon the annotation of raw AIRR-seq data, using reference germline gene databases to identify the germline genes within each rearrangement. Existing reference databases are incomplete, as shown by recent AIRR-seq studies that have inferred the existence of many previously unreported polymorphisms. Completing the documentation of genetic variation in germline gene databases is therefore of crucial importance. Lymphocyte receptor genes and alleles are currently assigned by the Immunoglobulins, T cell Receptors and Major Histocompatibility Nomenclature Subcommittee of the International Union of Immunological Societies (IUIS) and managed in IMGT®, the international ImMunoGeneTics information system® (IMGT). In 2017, the IMGT Group reached agreement with a group of AIRR-seq researchers on the principles of a streamlined process for identifying and naming inferred allelic sequences, for their incorporation into IMGT®. These researchers represented the AIRR Community, a network of over 300 researchers whose objective is to promote all aspects of immunoglobulin and T-cell receptor repertoire studies, including the standardization of experimental and computational aspects of AIRR-seq data generation and analysis. The Inferred Allele Review Committee (IARC) was established by the AIRR Community to devise policies, criteria, and procedures to perform this function. Formalized evaluations of novel inferred sequences have now begun and submissions are invited via a new dedicated portal (https://ogrdb.airr-community.org). Here, we summarize recommendations developed by the IARC—focusing, to begin with, on human IGHV genes—with the goal of facilitating the acceptance of inferred allelic variants of germline IGHV genes. We believe that this initiative will improve the quality of AIRR-seq studies by facilitating the description of human IG germline gene variation, and that in time, it will expand to the documentation of TR and IG genes in many vertebrate species.
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INTRODUCTION

Immunoglobulins (IG) are the main antigen receptors and effector molecules of the B cell lineage, and are expressed either as a component of the membrane-bound B cell receptor (BCR) or as secreted antibodies. They are encoded by large numbers of variable (V), diversity (D), and joining (J) genes, which recombine in developing B cells to generate rearranged V-(D)-J genes. This process, referred to as V-(D)-J rearrangement, occurs at the DNA level and leads to an IG V domain repertoire of immense diversity. The study of such repertoires has recently been revolutionized by high-throughput sequencing (1–4), and this is termed Adaptive Immune Receptor Repertoire (AIRR) sequencing (AIRR-seq). The technical and biological interpretation of AIRR-seq data is facilitated by databases containing reference sequences of all known germline genes (Figure 1), but AIRR-seq studies have demonstrated that these databases are presently far from complete (5–8). This compromises analysis of AIRR-seq data in many ways. For example, it can lead to the inaccurate determination of gene utilization frequencies, and the extent to which sequences have been affected by the process of somatic point mutation.
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FIGURE 1. The value of germline IGHV gene inference for detailed AIRR-seq annotation and analysis. (A) Germline genes of an individual [here represented by a very limited set of three IGHV genes (A, B, C), and a small number of IGHD (yellow/brown) and IGHJ (purple) genes] are rearranged in cells of the B cell lineage. Following stimulation with antigen many sequences undergo somatic hypermutation and acquire base substitutions (marked *) that may impact subsequent data analysis. An investigated subject's B and plasma cells are collected and typically the cells' transcriptomes are sequenced (e.g., using Illumina MiSeq technology) to generate reads that can be computationally processed. (B) A germline IGHV gene database [here represented only by three genes (A, B, C)] will facilitate data analysis, though it is possible to infer genes and alleles without reference to a starting database. The database could be a collection of all known germline IGHV gene alleles (I), or an individualized subset of these (II) that best fits the set of sequence reads that are to be analyzed. Finally, computationally inferred novel germline IGHV gene alleles can be introduced into the individualized germline gene database (III) to even better account for the diversity observed in the experimentally generated sequence dataset. (C) Each sequence read is binned to the most appropriate germline gene/allele available in the used germline gene database. If germline gene alleles are present in the database but not in the subject's genotype, some reads will be binned to them as a consequence of base changes introduced by somatic hypermutation (or sequencing errors), resulting in a partial incorrect assignment of germline gene allele origin and consequently of the associated analysis of the mutational pattern. Detailed annotations of part of the sequences are provided for reads binned to alleles of gene C. In this example, the investigated subject has an allele (C*03) of this gene that is not represented in the original pre-existing germline IGHV gene database. Two bases that differ between one or several alleles in the database and C*03, and thus may be misinterpreted in mutational analysis, are boxed. Unless valid inference of novel germline genes is also performed, the mutational analysis will substantially misinterpret the mutational pattern (highlighted in red letters/dots) targeting this gene. Dots indicate identity to the germline gene to which it is compared.



The first complete nucleotide sequence of a human germline heavy chain variable gene was reported in 1980 (9). In 1989 at the Human Gene Mapping (HGM) (10) Workshop in New Haven, starting with the human T cell receptor gamma (TRG) locus genes as a paradigm, the variable, diversity and joining IG and TR genes were officially acknowledged as “genes” just like conventional genes, and under the HGM auspices, IMGT®, the international ImMunoGeneTics information system® (IMGT) was created by University of Montpellier and the Centre National de la Recherche Scientifique (CNRS) (10). Ten years of IMGT biocuration on sequences from human genomic cosmid and artificial chromosome libraries were key to the assembly of the IG loci and their annotation (11–13). The IG and TR gene names, available on the IMGT web site since 1995, were approved by the HUGO Nomenclature Committee (HGNC) in 1999 and are managed by the IMGT Nomenclature Committee (IMGT-NC), the IG, TR and MH nomenclature subcommittee of the International Union of Immunological Societies (IUIS). The functional and open reading frame (ORF) of approved human genes were published with their alleles (203 IG and 168 TR) in two FactsBooks in 2001 (14, 15), and the number of sequences now cataloged by IMGT is shown in Table 1.



Table 1. Numbers of human IGHV genes and alleles reported in the IMGT repertoire and in the IgPdb database of inferred alleles.
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With this description of the human IG germline genes, the gene identification and mutation description became an integral part of the study of V-(D)-J gene rearrangements. Over the next 20 years, hundreds of thousands of expressed V-(D)-J genes were reported, and dedicated tools and databases were established to facilitate research (10, 16, 17). It soon became possible to compile datasets of hundreds of rearranged human V-(D)-J gene sequences that could be used to analyse the process of V-(D)-J recombination (18, 19). These analyses also demonstrated that such datasets could be used to identify previously unreported allelic variants of known germline IG genes (20).

In 2009, AIRR-seq data were reported for the first time (21, 22). Even in the earliest AIRR-seq studies, thousands of independent V-(D)-J rearrangements could be identified from each subject investigated, and this facilitated the detection of previously unreported polymorphisms (5–8) (Figure 2). New allelic variants of IGHV genes were detectable in these AIRR-seq data because the crucial nucleotides that defined these alleles showed up as conspicuous patterns of shared mismatches within alignments to the known germline V gene sequences.
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FIGURE 2. Inference of polymorphic IGHV gene alleles from immunoglobulin repertoire sequencing datasets. The genes that encode immunoglobulin heavy chain variable regions are generated through genomic recombination of single genes of three different types; variable (IGHV), diversity (IGHD), and joining (IGHJ). Each of these gene types are present in the genome as a set of tandem genes that are both polymorphic and polygenic and include approximately 50 IGHV genes, 27 IGHD genes and 6 IGHJ genes. At the mRNA level, splicing joins the rearranged V-(D)-J gene with the IGH constant region genes that confer the isotype to the IG. Repertoire sequencing studies amplify mRNA transcripts, via cDNA, by methods such as targeted PCR using leader region forward primers coupled with reverse primers specific for the IGHC or by using 5′ RACE primed from the IGHC genes. To be suitable for inference, amplification protocols must capture the complete V-(D)-J rearranged coding region and cannot use primer that bind within the V region. Amplification strategies may add unique molecular identifiers (UMIs) as part of cDNA synthesis to tag individual RNA transcripts. High throughput sequencing of a V-(D)-J gene library can generate many thousands of reads for single subjects. Reads are quality assured (QA) to remove sequencing errors; for example, reads with low quality (phred) scores, and PCR artifacts such as hybrid amplicons that have resulted from single stranded DNA from previous PCR cycles acting as primers in future cycles creating hybrid or chimeric templates that are derived from two original amplicons. For inference, IGH from clonally expanded B cells, which have each originated from a single progenitor cell must be reduced to a single representative sequence (for example, the clone member with the fewest mutations) to prevent over-counting. IGH carrying the same UMI can greatly increase confidence that the V-(D)-J rearrangement was in the original pool. In the absence of UMIs, read counts for unique IGH can provide some confidence. Finally, V-(D)-Js are aligned to germline reference datasets that report alleles for the population. Shared “mismatches” relative to the closest germline gene among many sequences from the same subject at position(s) that are not motifs for somatic hypermutation (SHM) in sequences expected to be unmutated (naïve B cells) or have low mutation (IgM+) can be suggestive of the putative allelic variant in the subject's genotype. When a polymorphism is inferred at a heterozygous locus, confidence in the inference can be greatly increased if the putative allele is considered in the context of any other expressed alleles for the gene, with approximately equal expression of the two alleles, and the haplotype, which can phase the gene alleles to their respective chromosomes.



Utilities have now been developed to streamline the identification of allelic variants, and to assign measures of confidence to each inference (23–27). These utilities employ a variety of inference methodologies, as they have been designed for the analysis of different kinds of data. IgDiscover, for example, is best suited to the analysis of relatively unmutated sequences (23), whereas TIgGER (24) and partis (26) are specifically designed to analyse data that include both unmutated and mutated sequences. To date, 58 sequences have been inferred in this way (see Table 1), and can be found in the Immunoglobulin Polymorphism database (IgPdb) (http://cgi.cse.unsw.edu.au/~ihmmune/IgPdb/).

The identification of these previously unreported polymorphisms has remained unknown to many researchers because such variants lie outside the scope of the widely-used IMGT/V-QUEST reference directory of germline sequences (28). This emerged as an early concern of the AIRR Community (https://www.antibodysociety.org/the-airr-community/), a grassroots organization that was founded in 2015 to address the challenges surrounding the generation, analysis and use of AIRR-seq data (29). In 2018, this community formally joined The Antibody Society, a non-profit trade association dedicated to the field of antibody research and immunotherapeutics.

In 2017, the AIRR Community and IMGT agreed to an approach for evaluating the veracity of inferred germline-gene sequences, and for the incorporation of validated sequences into the IMGT Reference Directory. The Germline Database (GLDB) Working Group of the AIRR Community was formed to develop the necessary policies and procedures, and the Inferred Allele Review Committee (IARC) was formed to critically evaluate submitted inferences.

Here we present challenges faced in inferring novel IGHV sequences from AIRR-seq data, and outline strategies for their mitigation. The process for submitting inferred sequences to the IARC is also described. It is our aim that this initiative of the AIRR Community will contribute to a more complete description of human genetic variation, thereby improving the quality of AIRR-seq studies. Human IGHV genes are the focus of this discussion, though the challenges surrounding the inference of other IG and TR germline genes in human and non-human species are likely to be similar. We anticipate that over time this initiative will expand to the documentation of IG and TR genes in all vertebrate species.



GERMLINE GENE INFERENCES: CHALLENGES, AND STRATEGIES FOR MINIMIZING ERRONEOUS INFERENCES

Reports of inferred antibody sequences have not been immediately and universally accepted, in part because alternative explanations can account for observed nucleotide differences in IG genes (see Figure 2). Uniquely, IG genes within activated B cells undergo secondary diversification by somatic hypermutation (SHM) (30). During an immune response, an IGHV gene with a 300 bp length will commonly accumulate 15–20 somatic point mutations (31, 32) and much higher levels of mutations can be observed (33).

The datasets of Sanger sequences that underpinned the first inferred IGHV sequences were very small—in some cases, just six or seven sequences (20). This raised the possibility that these sequences were mutated versions of known alleles. Importantly though, many of the early inferences have now been confirmed by genomic sequencing (20, 34, 35), lending support to the validity of the inference process. Today, the availability of large AIRR-seq datasets gives much greater confidence in the inference process, but challenges remain. These challenges have their origins in the biology of the B cell and of the antibody repertoire, as well as in technical issues affecting the preparation and sequencing of recombined V-(D)-J gene libraries.

The following strategies and tests will aid in the identification of real allelic variants while minimizing the reporting of erroneous inferences.

• Inferences must be made from AIRR-seq data of the highest quality. Experimental strategies to ensure such quality in library generation and sequencing of IG transcripts are now well-established (36, 37), and the assessment of the quality of library generation and of sequencing, using synthetic mRNA spike-ins, is a strategy that can build confidence in inferences made from a dataset (38–41). Proof-reading enzymes with minimal error rates should always be used (42), and putative polymorphisms should be assessed in light of the different types of sequencing errors (base insertions, deletions and substitutions) that are associated with the different sequencing technologies (43). Such errors can be specifically enriched at particular sequence motifs (44), and if these motifs are present in a germline gene, the errors may suggest the existence of a novel allele (7, 45).

• A vital step in the pre-processing of raw sequence data is the removal of reads with a low average quality, but Phred scores should also be assessed for critical nucleotides in individual reads that have contributed to a particular inference. Poor read quality of single nucleotides may result in erroneous inferences (7, 45).

• Correction of sequencing errors and PCR artifacts can be achieved by the use of unique molecular identifiers (UMI). UMIs are introduced during library preparation, labeling each individual transcript prior to amplification. Subsequent consensus building of reads employing identical UMIs can largely remove erroneous bases (46). Technical or biological replicates can also be used to validate sequences and increase confidence that artifacts have been properly discarded.

• Incomplete PCR amplifications create problems. An incompletely amplified product generated in one cycle may later anneal to a similar but distinct template, resulting in the amplification of a hybrid sequence (Figure 3) (47, 48). Such chimeric amplification products are often observed in datasets of IG transcripts (49), and unless appropriate filters are applied to AIRR-seq data, these chimeras can masquerade as novel alleles. Preparing libraries with minimally detectable PCR bands helps reduce the problem of chimerism (49, 50), but this strategy is incompatible with some research objectives.

• The detection and elimination of chimeric sequences can be a valuable step in the pre-processing of data. Manual identification of chimeric sequences involves assessment of the distribution of apparent mutations along the length of a sequence. Chimeric sequences often appear to have somatic point mutations clustered at one or the other end of the sequence, and utilities have been developed to automate the detection of sequences with such a non-random distribution of apparent mutations (51).

• Very large AIRR-seq datasets are required if variants of some IGHV genes are to be identified. Reports from analysis of peripheral blood B cells show that usage frequencies of particular IGHV genes in V-(D)-J rearrangements can be as high as 20% for IGHV3-23*01 (52), but as low as 0.01% for rearranged genes incorporating IGHV3-13, IGHV4-28, or IGHV7-81 (5). Rarely utilized IGHV genes will only be present in convincing numbers in the very largest V-(D)-J datasets. Large datasets are also needed if the final nucleotides of a germline IGHV sequence are to be determined. The uncertainties surrounding the nucleotides at the 3′ end of the sequence are a consequence of the variability of the gene ends, produced by the processes of exonuclease removal and N nucleotide addition. Biases in these processes can result in the generation of relatively common motifs that may be mistaken for germline-encoded nucleotides (53–56). Of special note, the last base of a germline sequence may not be the most common base in rearranged sequences.

• Somatic point mutations accumulate in IG-encoding genes at a rate of about one mutation per 1,000 bp per cell division within the germinal center reaction (57, 58). The existence of mutational hotspots (59–61) that can target specific germline IGHV genes (62, 63) means that it is inevitable that there will be some shared mutations in any dataset that includes mutated sequences. Some IGHV genes have positions that can be mutated in >30% of class-switched sequences (24). Very high levels of mutation can occur at positions far removed from the regions encoding complementarity determining regions (CDR) of an IGHV sequence, and even at positions outside conventional mutational hotspots (62, 64). For these reasons, inferences of new germline IGHV genes using datasets of mutated sequences are more likely to be erroneous.
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FIGURE 3. Likely principle of generation of hybrid molecules through cross-over caused by incomplete products during previous PCR cycles (A), and examples of inferred sequences (B) that may have an origin in cross-over events during the library generation process. Shown are the inferred sequences (middle) and the parts of other germline sequences that are inferred to be present in the same subject and that through an artifactual cross-over event may have created the inferred novel allele. The region in which cross-over events may have occurred is shown in yellow. The 5′- and 3′- sequences unique to one of the potential donor sequences are shown in blue and green, respectively. Mismatches between the two potential donor sequences are highlighted in orange. The frequency of reads associated with each inference is shown after the name, indicating that some but not all of these inferences may be removed by cut-offs defined in terms of allelic ratios. Base numbering is according to the IMGT numbering scheme.



Somatic point mutations may be mistaken for germline-encoded nucleotides, but this issue is substantially reduced if sequences are derived from less-mutated cell populations. This can be achieved by the amplification of IgM-encoding transcripts through the use of constant region-specific primers. The issue is partially addressed by the amplification of sequences from sorted B cells displaying a naïve phenotype. More highly mutated datasets can, however, still be the source of reliable inferences if appropriate analytical tools are used. Both the TIgGER and partis software suites, for instance, are designed to use patterns of apparent mutation to infer novel alleles (24, 26). While taking different overall approaches, they both use regression-based statistical tests to identify polymorphisms at positions that appear to be recurrently mutated, in sequences that are otherwise relatively unmutated.

• A useful test of an inferred allelic variant is to consider the sequence in the context of other alleles of the gene that may be present in the dataset. For single-copy genes, only two alleles should be present in the genotype of an individual. If an inference suggests that three alleles of a particular gene are present in an individual genotype, the inference should be further investigated. More than two named variants of some genes can be present in an AIRR-seq dataset for gene names without genomic information on the haplotype copy number, as a result of copy number variation (CNV) (5, 6, 8, 35, 46, 65). It is highly likely, for example, that some named allelic variants of the IGHV1-69 gene are actually variants of the duplicate IGHV1-69D gene. Genotypes may also include three or more alleles of one or other of the highly similar IGHV4-4, IGHV4-59, and IGHV4-61 genes, for the genomic location of some sequences associated with these genes is uncertain (7, 45, 52, 66). It seems likely, for example, that the IGHV4-59*08 sequence in some subjects is actually a variant of the IGHV4-61 gene (66). In view of these complications, an evaluation of some inferences must be made with reference to alleles of several genes that may be present in the genotype of the individual. Genomic data of a single cell or individual will remain necessary to unambiguously assign expressed genes with CNV.

• Alleles at heterozygous loci are usually expressed at similar frequencies (52), while inferred sequences suggested by sequencing errors or somatic point mutations are usually present at relatively low frequencies. The calculation of the percentage of alignments to a gene that involve the inferred allele is therefore a simple test that can be used to identify false inferences. Although the IARC will affirm inferred alleles that are observed in just 10% of all alignments to a particular gene, additional analysis may be required to support inferences that imply expression at a low level. We recognize that this will make it more difficult to infer some alleles. CNV, mentioned above, will also complicate the interpretation of this measure of allele expression, whereas recombination signal (RS) sequence variation and other non-coding region variation could lead to abnormal allele expression levels (67). For all these reasons, the allele expression test has limitations.

• The validity of an inference can be demonstrated if all V-(D)-J sequences containing the inference in an AIRR-seq dataset are associated with just one of the two chromosomes of the individual. Such validation can be done using haplotype analysis as outlined in Figure 4. This is a method that was developed for human AIRR-seq studies (6, 53, 68), and it is increasingly being used to support reported inferences (7, 45, 52). Haplotyping is only possible for the validation of IGHV gene inferences in subjects who are heterozygous at IGH loci beyond the IGHV locus region. Anchors for the haplotype inference of IGHV genes are most commonly IGHJ6 alleles (IGHJ6*02 and IGHJ6*03), but heterozygosity at the IGHD2-8 and IGHD2-21 loci can also allow them to be used (7, 45, 52, 68). It is likely that novel long-read high-throughput sequencing platforms will soon make it possible to use IGH constant region genes as haplotype anchors as well.
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FIGURE 4. Principle of inference haplotyping defining the AIRR-encoding genes associated with each of the chromosomes carrying the relevant locus, here demonstrated by genes encoding human IG heavy chains. Germline genes involved in V-(D)-J rearrangements are from genes harbored on each chromosome only (i.e., in cis), as illustrated with a small number of the genes that actually populate the IGH locus (A). It is possible, using large sequence datasets, to computationally define the association of each IGHV allele to one of the two haplotypes using their association to e.g., different alleles of an IGHJ gene (commonly IGHJ6), if such different alleles are present in the genotype. These alleles serve as anchors in the haplotyping process. An IGHV allele that resides on both chromosomes will rearrange to both alleles of the heterozygous IGHJ gene, whereas IGHV alleles that reside on only one chromosome should primarily be found rearranged to one of the alleles of the heterozygous IGHJ gene (C). In the case of haplotype differentiating expression of IGHD genes (or allelic differences in one or several IGHD genes) these differences can similarly be used as anchors to visualize IGHV allele distributions between haplotypes (B). Such inference can be used to raise confidence in specific allele calls, as incorrectly inferred alleles are likely to associate with the same haplotype as another allele of the same (or a very similar allele) that also exist in the haplotype. This is exemplified here by the haplotyping of an artifactual inference of a novel allele (IGHV1-2*variant) that has a similar association to haplotypes as IGHV1-2*02. [For specific examples, see Kirik et al. (22, 53)].





SUBMISSION OF INFERENCES AND DATA DEPOSITION

IARC and the GLDB WG strive to provide the community with open, transparent and reusable information on inferred genes. To this end, a web-based service termed Open Germline Reference Database (OGRDB) has been set up to facilitate the submission and evaluation of inferences as well as the subsequent retrieval of inferred genes accepted by IARC. In addition, the inferred sequence and the NGS data supporting it have to be deposited in general purpose sequence repositories of the International Nucleotide Sequence Database Collaboration framework to allow re-analysis by third parties and ensure long-term availability of the data. The detailed workflow for data submission is available at OGRDB (https://ogrdb.airr-community.org). In brief, it covers the following steps:

• Verification that the complete raw data of the underlying experiment is available via the Sequence Read Archive (SRA). If possible, the SRA and associated metadata records should be compliant with the Minimal Information about Adaptive Immune Receptor Repertoire (MiAIRR) standard (69).

• Deposition of reads supporting the gene inference to SRA. Note that this submission is in addition to the publication of the complete read data of a given set of experiments.

• Submission of the inferred sequence to GenBank/TPA, depending on the origin of the data on which the inference is based:

a. First-party data (the inference is performed on one's own datasets) is submitted to GenBank.

b. Third-party data (inference performed on datasets produced by others) is submitted to GenBank's Third Party Annotation (TPA) section.

• Submission of the inferred sequence and the associated information about the inference procedure as well as the accession IDs of the INSDC submission to IARC via the OGRDB interface.

Each inference must be made from data that originates from a single individual. The standardized submission protocol incorporates metadata related to the individual, as well as to the generation, processing and analysis of the individual's sequences. It also provides data that gives the genotypic context in which an inference should be assessed, and helps identify confounding factors that should be considered.

Currently, data used for germline IGHV gene inference are often generated from PCR-amplified IG transcripts using Illumina's MiSeq technology, as it provides sufficient read length and depth. The IARC will, however, consider inferences and determinations made in other ways. The IMGT-NC requires genomic sequencing of IGHV genes, including the complete leader sequence and associated Recombination Signal sequence (V-RS). Genomic sequences that are not suitable for submission to IMGT-NC will be considered by the IARC if they include the complete IGHV coding region. Partial genomic sequences may also be considered by IARC as evidence in support of an inference from AIRR-seq data. Direct RNA sequencing (70) may also come to play an important role in defining germline IGHV genes in the future.

Inferences must be made from full-length sequencing reads. In contrast, many studies employ primers that anneal within the IGHV sequences themselves, such as the well-validated BIOMED-2 primer set (71). Although sequences generated in this way may be suitable for many research purposes, the partial sequences that can be inferred from such datasets are not suitable for submission to IARC. Submitted sequences must be full-length V-REGION sequences, from base 1 to at least base 318 of the IGHV sequence, according to the IMGT numbering system. Inferences generated using primers that anneal within the sequence should not be submitted to the IARC.

Inference may be carried out using a diversity of computational methodologies. The IARC is agnostic to the investigator's choice of inference methodology as long as it is validated, published, publicly available, and well-documented.

We believe that the identification of dependable, curated gene sets, to which this effort contributes, is a public good. To that end, affirmed sequences, and the submissions that support them are published by IARC under the Creative Commons CC0 license (https://creativecommons.org/publicdomain/zero/1.0/legalcode), allowing their use for any purpose without restriction under copyright or database law.



THE EVALUATION AND DECISION-MAKING PROCESS

The affirmation of submitted inferences requires the unanimous support of the IARC, and this may only be possible after the provision of additional information by the Submitter. The deliberations of this Committee may differ depending on the biological context in which particular sequences are observed and on the process of inference. Particular attention will be paid to:

• The frequency of V-(D)-J rearrangements that include the inferred sequence. Inferences that appear to be very rarely represented in the IG repertoire are at high risk of being incorrect inferences. To guard against this, inferences of sequences that are seen at a frequency of 0.05% or less will not generally be affirmed.

• The number and frequency of unmutated sequences representing the inferred sequence.

• The presence of the inferred IGHV sequence in a diversity of V-(D)-J rearrangements. The sequence needs to be seen in association with different IGHJ genes and in rearrangements with varying CDR3 lengths. This guards against the possibility that sequences that support the inference are clonally-related sequences.

• The number of alleles assigned to the relevant gene or to the set of highly similar genes.

• The distribution of reads between an inferred allele and other alleles of that particular gene, calculated using unmutated sequences. Inferences with low expression frequencies may require additional supporting evidence.

• The outcome of haplotype analysis, where such analysis is possible.

• Evidence that PCR artifacts, such as cross-over events involving other genes and alleles of the subject's genotype, do not explain the inference. Evidence could include a demonstration of the absence of cross-over effects in sequencing libraries of germline gene standards analyzed in parallel to the subject's expressed IG repertoire (38), or demonstration of the systematic identification and removal of sequences with evidence of cross-over effects prior to inference, or analysis of the extent of shared CDR3 sequences between different V-(D)-J gene rearrangements.

• Evidence supporting the reported 3′-end of an inferred germline IGHV gene. The final base of an IGHV gene sequence cannot be inferred with confidence (55, 56) unless additional investigations are undertaken. If a sequence is reported up to and including base 320, the final base will only be affirmed by IARC if supporting analysis is provided.

• Sequencing of part of an inferred allele, from non-B cell genomic DNA.

An assessment will result in one of three outcomes. If a sequence is affirmed as a valid inference, it will be assigned an IARC sequence name and a summary of evidence in support of the inference will be documented in an Inferred Sequence Documentation Sheet. This will be made publicly available at the AIRR community website. It will also be reported to IMGT-NC with an individual GenBank accession number for inclusion in the IMGT Reference Directory. When a sequence is affirmed for the first time, it will be reported as a Level 1 Sequence. If affirmed a second time, it will be reported as a Level 2 Sequence, and if affirmed a third time, it will be reported as a Level 3 Sequence. It is important that researchers continue to notify the IARC of later identification of Level 1 and Level 2 Sequences, so that they can rise to higher tiers. This will promote acceptance of the inferences within the research community. The IARC will not consider additional inferences of a sequence following its elevation to Level 3.

If evidence in support of a sequence does not reach the level of certainty required for immediate affirmation, the sequence may remain “under review”. An Inferred Sequence Documentation Sheet will be completed, and the sequence will be assigned an IARC name, but it will not be publicly reported. Such sequences will be re-assessed if additional supporting information becomes available, or if identical inferences are later submitted to IARC. If a later inference supports the elevation of the sequence to Level 1, the original inference will be credited in the documentation of the sequence.

If there is insufficient evidence to allow a sequence to remain “under review”, details of the submission will be retained by IARC, but the submission will not be a part of any future re-assessments.

Inferred alleles will be named using a modification of the IMGT nomenclature (72), incorporating:

• the gene locus (e.g., IGHV, IGKV, IGLV for genes of heavy, kappa light, and lambda light chain loci, respectively);

• the most similar gene at the time of submission in the IMGT/V-QUEST reference directory (28), or in the case of multiple, most-similar genes, using the name with the lowest alphanumeric value;

• an allele number, preceded by an “i” to indicate its discovery by inference. Assigned allele numbers for any gene will be consecutive, and the first inferred allele will be designated the *i01 allele (e.g., IGHV1-2*i01).

A given allele number for a specific gene will be uniquely associated with a specific sequence. If the sequence is incorporated into the IMGT Reference Directory, it will be assigned a new name by IMGT-NC based on the chronological rule and reported to the IUIS/IMGT Nomenclature Committee. The inferred allele name will not be reused and records of the inference will be permanently maintained. Similarly, if evidence emerges suggesting that a particular inference was made in error, the sequence will be removed from any listing of affirmed sequences, but the name and documentation sheets will remain permanently associated with the sequence.

Germline gene databases currently include entries that are incomplete at the 5′ and/or the 3′ end. The inference process could allow the extension of incomplete sequences, as is the case with the sequence IGHV4-4*i01 that is reported here (see Figure 5). A sequence of this kind could be a longer representation of the previously reported allele, or it could be a very similar sequence that varies from the original sequence at its ends. The IARC will not attempt to resolve this ambiguity and will simply assign an inferred allele name to the new sequence.


[image: image]

FIGURE 5. Affirmed inferred alleles. (A) Table of inferred alleles. Shown are the names given to the inferred sequences by IARC; the closest matching IMGT alleles; the genetic differences observed in the inferred allele relative to the IMGT allele; any other name that has previously been associated with this sequence, if previously identified; the genotype frequency of the inferred sequences within the donor's genotype and the allele percentage of the inferred allele based on all of the alleles within the donors genotype for that particular gene. (B) Alignment of each inferred sequence relative to the closest matching IMGT allele with the differences between the sequences highlighted in orange. Numbering of the alignments are according to IMGT numbering.





AFFIRMED NOVEL ALLELES

Using the recommendations and policies outlined above, as of August 31, 2018, the IARC has approved five novel alleles at Level 1 (Figure 5) and nine inferred alleles remain “under review” (data not shown). Four of the inferred alleles were affirmed from data submitted by the data-generating author (73), of which three were from one donor and one was from a second donor.

IGHV1-2*i01 differs from IGHV1-2*02, its closest matching allele from IMGT, by a single substitution (t163c), resulting in an amino acid change (W55R). Exact matches to the inference were seen in 2.19% of those donor sequences that were determined to be unmutated rearrangements. A second allele for IGHV1-2 (IGHV1-2*04) was observed within the subject's genotype, however IGHV1-2*i01 was seen in 71% of alignments to IGHV1-2. This sequence has been previously described in multiple subjects from AIRR-seq (5, 7, 24), and from genomic DNA (8) and it is listed in the IgPdb database as IGHV1-2*p06. Since this inference was affirmed by IARC, it has been confirmed using full-length genomic DNA sequencing and was recently accepted (24 July 2018) by IMGT-NC as IGHV1-2*06 (Report 2018-1-0724) (http://www.imgt.org/IMGTindex/IMGT-NC.php).

IGHV1-3*i01 was present in 1.17% of the donor's sequences, and differs from IGHV1-3*01 by a single nucleotide (g172a), resulting in an amino acid change (A58T). This sequence has not been observed previously.

IGHV4-30-4*i01 was observed in 1.3% of the donor's sequences, and also has a single nucleotide difference (t120c) compared to its closest matching IMGT allele, IGHV4-30-4*01, however this did not result in an amino acid change. It has been observed in multiple individuals from genomic DNA sequencing (8) and in a single individual from AIRR-seq (63). It was previously listed as IGHV4-30-4*p08 in the IgPDb database.

IGHV4-4*i01 was observed in 0.6% of the donor's sequences. It may be an extension of the existing IGHV4-4*03 allele described in IMGT, involving bases 312-319.

The last of the five affirmed alleles, IGHV3-43D*i01, was submitted as a third party annotation dataset (74) and although it was observed at a low frequency (0.07%) in the subject's repertoire, it could be accepted as a Level 1 sequence. It has been observed previously in multiple individuals from AIRR-seq studies (7), and as genomic DNA (8), and is listed as IGHV3-43*p04 in IgPdb. It has also been observed in a fosmid clone (GenBank: AC242184) that was not annotated in detail. At the time of its acceptance by IARC, this sequence differed from its closest matching IMGT sequence IGHV3-43D*01 (now renamed as IGHV3-43D*03) by a single nucleotide (c195a), however this does not result in an amino acid change. Since the affirmation by IARC of this novel inferred allele, it has been accepted (October 4, 2018) by IMGT as IGHV3-43D*04, based on genomic evidence.

For all five affirmed alleles, the genotype and allele frequencies were within the IARC guidelines. Where possible, haplotype analysis confirmed the validity of the inferences, and cross-over artifacts were ruled out. The Inference Documentation Sheets for these inferred alleles can be found at the OGRDB website (https://ogrdb.airr-community.org).



CONCLUSION

Germline IGHV, IGHD, and IGHJ genes constitute the building blocks of IG V domain diversity, and so have a direct bearing on the functional B cell immune response. The formation of IARC, and the establishment of processes for the evaluation of inferred sequences provides an important new avenue for cataloging germline gene variation at the population level. Ultimately, this should provide insights into how germline gene diversity influences functional immunity (75, 76). Here, we describe the prerequisites, procedures and potential outcome of the IARC-based review and evaluation process, and as proof of principle, we report five novel alleles.

The establishment of the IARC review process should help the research community to chart germline IGHV gene variation across human ethnicities and patient groups. This is an achievable goal if studies increasingly infer the germline gene repertoires of each of their study subjects. Such personalized references databases will also improve AIRR-seq studies, through the improved germline gene annotation and confidence in identification of SHMs that will result (Figure 1).

The AIRR Community and the IMGT group have attempted to provide a robust roadmap and conceptual framework for germline gene inference, but the challenge will now be to encourage the incorporation of germline gene inference software into preprocessing and data analytical workflows. This has not yet been widely adopted by the community of researchers who generate and analyze AIRR-seq data. To facilitate this, IARC aims to create detailed step-by-step experimental and bioinformatics tutorials, and will document case studies showing the manifold advantages that lie in this approach. To minimize human intervention and subjectivity, we will also work to further automate the evaluation process of putative germline gene alleles, and to improve the data submission toolchains to INSDC repositories and to IMGT. Finally, in the future, we intend to partner with other researchers, to extend this initiative to the validation of other adaptive immune receptor gene loci. Other IG and TR genes in humans and species of medical importance may be an early focus, but in time we anticipate that the process of inference can be used to extend our knowledge of antigen receptor genes in all vertebrate species.

Putative novel alleles may now be submitted to the IARC-managed web portal for evaluation.
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The highly organized life of metazoa requires the ability to remove cells that lose their function during embryonic and postnatal development or as part of routine tissue homeostasis (1, 2). Normally, these cells undergo programmed, apoptotic cell death, followed by their recognition, engulfment, and, finally, elimination through adjacent tissue cells and/or professional phagocytes. As preeminent phagocytic cells, resident macrophages and circulating monocytes are equipped with an arsenal of receptors that recognize the “eat-me” signals exposed by apoptotic corpses. These phagocytic receptors comprise scavenger receptors, immunoglobulin-containing proteins, and tyrosine kinases (1).

In a Nature paper in 2007, Park et al. described brain-specific angiogenesis inhibitor 1 (BAI1/ADGRB1) as a novel phagocytic receptor on macrophages (3). BAI1 is a member of the adhesion family of G protein-coupled receptors (GPCRs), which in humans comprises 33 non-canonical seven-span transmembrane receptors (4). Adhesion GPCRs possess large N-termini with various protein folds, equipped for (matri)cellular interactions, and a GPCR autoproteolysis-inducing (GAIN) domain that connects the extracellular part of the receptor to the seven-transmembrane region. A juxtamembranous GPCR-proteolysis site (GPS) within the GAIN domain facilitates autocatalytic cleavage of the majority of adhesion GPCRs into two fragments, which remain attached at the cell surface (5). Adhesion GPCRs are found in almost every cell type and adjust modalities in many organ systems. Based on their expression and function, adhesion GPCRs of subfamily E (EMR1/ADGRE1, EMR2/ADGRE2, EMR3/ADGRE3, EMR4/ADGRE4, and CD97/ADGRE5) and subfamily G (GPR56/ADGRG1, GPR97/ADRGRG3, and GPR114/ADGRG5) have been linked to the immune system (6, 7). BAI1 belongs to the subfamily B and is abundantly expressed in the brain, where it inhibits angiogenesis and, as recently reported, supports neurogenesis and synaptogenesis (8). The work by Park et al. and others established an additional function of BAI1 in apoptotic cell engulfment by macrophages and their brain equivalent, microglia (3, 9, 10). Through its N-terminal thrombospondin repeats, BAI1 binds phosphatidylserine, resulting in recruitment of ELMO1 and Dock180 to the C-terminus of the receptor, which function as guanine-exchange factors for Rac1 and thereby promote engulfment of apoptotic cells. Moreover, expression of BAI1 in primary human monocytes/macrophages and the mouse macrophage cell lines J774 and RAW264.7 was reported (3).

Ingestion of microbes, such as bacteria and fungi, is another phagocytic process executed by macrophages. A subsequent paper in 2011 described the ability of BAI1 to bind and engulf Gram-negative bacteria (11). Interaction of the thrombospondin repeats with bacterial membrane lipopolysaccharide triggered Salmonella engulfment via ELMO1/Dock180, similar to the uptake of apoptotic cells. Subsequently, it has been reported that BAI1 mediates macrophage reactive oxygen species production and microbicidal activity through activation of the Rho family guanosine triphosphatase Rac1 (12). These observations further established BAI1 as a phagocytic receptor of macrophages.

Transcriptome (and proteome) analyses of purified cell populations and, more recently, even single cells is greatly deepening our knowledge about the spatial organization of gene expression. We noticed that omics studies directed at leukocytes consistently detect expression of subfamily E and G adhesion GPCRs, but fail to identify subfamily B receptors, including BAI1 (4, 6, 7). To clarify this discrepancy, we analyzed microarray, CAGE (cap analysis gene expression) and RNA sequencing, and protein mass spectrometry data of primary monocytes, monocytes maturated in vitro under stimulating conditions, macrophage cell lines, as well as bone marrow-derived and primary tissue-derived macrophages. We included all types of monocytes/macrophages, in which Adgrb1/ADGRB1 expression has been reported, with the exception of gastric phagocytes (Table 1). Among other data sets, we evaluated adhesion GPCR transcriptomes (20) and proteomes (23) of classical, intermediate, and non-classical monocytes (Figures 1A,B). Moreover, we examined 299 transcriptomes of monocytes activated with 28 different stimuli, including pattern recognition receptor ligands, cytokines, and metabolic cues (19) (Figure 1C). In none of these and numerous other data sets (Table 1), we obtained evidence that monocytes or monocyte-derived macrophages express Adgrb1/ADGRB1, while known gene expression patterns of subfamily E adhesion GPCRs were fully confirmed (6, 7).



Table 1. Studies reporting and studies failing to find expression of Adgrb1/ADGRB1 (BAI1) in monocytes/macrophages.
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FIGURE 1. Selected expression profiles of adhesion GPCRs in monocytes, monocyte-derived macrophages, and microglia. (A) CAGE sequencing of circulating human monocytes (20). (B) Protein mass spectrometry of circulating human monocytes (23). (C) Microarray of human monocytes activated with 28 different stimuli (19). (D) RNA sequencing of resident mouse macrophages as well as mouse and zebrafish microglia (25, 27). (E) RNA sequencing of resident human grey and white matter (GM and WM) microglia (32). (F) RNA sequencing of mouse and human brain lysates and microglia (30). Note the consistent lack of BAI1 (Adgrb1/ADGRB1) expression in all data sets. Expression of EMR1 to EMR4 (Adgre1/ADGRE1 to Adgre4/ADGRE4) in human and mouse reflect their evolutionary diversification: (i) in contrast to its mouse homolog, F4/80, human EMR1 is weekly expressed by monocytes and macrophages; (ii) mice lack the genes encoding EMR2 and EMR3; (iii) the gene encoding EMR4 has become inactivated in human (33).



Knowledge of genome-wide gene expression in tissue-resident macrophages, so far, is mainly based on studies in mice. In transcriptomes of seven types of macrophages, Adgrb1 was not detected (25) (Figure 1D). These transcriptomes also included microglia, for which a distinct role for BAI1 in the engulfment of neurons has been described in zebrafish (10). Zebrafish express homologs of most adhesion GPCRs, including BAI1 (34). Yet, by RNA sequencing highly pure microglia from zebrafish, we failed to detect significant levels of Adgrb1 expression (27) (Figure 1D). Similarly, microglia from mouse and human express Adgrg1/ADGRG1, but not Adgrb1/ADGRB1 (24, 28–32) (Figures 1D,E).

We also asked whether unusual mRNA properties, e.g., short poly(A) tails, could have hampered the detection of Adgrb1/ADGRB1 transcripts. To exclude this possibility, we included in our comparison RNA sequencing data obtained by reduction of ubiquitously expressed ribosomal (r)RNAs in combination with random primer amplification (13, 14). Moreover, we were able to directly compare sequencing of human microglia RNAs obtained by poly(A) selection and rRNA depletion plus random primer amplification [(32) and Mizee et al., manuscript in preparation], but failed to detect ADGRB1 transcripts with both methods (data not shown). Furthermore, Adgrb1/ADGRB1 transcripts are found in mouse and human brain lysate (Figure 1F) as well as in mouse neurons, oligodendrocyte progenitors, and astrocytes (28), confirming their detectability.

Our data do not challenge the role of BAI1 as a phagocytic receptor. This biological activity is based on the binding capacity of the N-terminal thrombospondin repeats for “eat-me” signals on apoptotic cells and on the ability of the C-terminal tail to facilitate cytoskeletal rearrangements, and has been proven extensively (3, 11). We question, however, that BAI1 is part of the phagocytic machinery of macrophages. The link with macrophages has been established in primary cells and cell lines overexpressing BAI1 in vitro. More recently, Lee at al. investigated the role of BAI1 in the dextran sodium sulfate-induced model of colitis in vivo. Adgrb1-deficient mice had more pronounced colitis and lower survival, with many uncleared apoptotic cells and inflammatory cytokines within the colonic epithelium. Notably, transgenic overexpression of Adgrb1 in epithelial, but not in myeloid cells, attenuated colitis severity (35), suggesting that BAI1 mediates clearance of apoptotic corpses within the colonic epithelium. Intestinal epithelial cells may not be the only non-professional phagocytes that engage BAI1. In astrocytes engulfing apoptotic targets, BAI1 showed accumulation within the phagocytic cup (26). Moreover, BAI1 and BAI3 have been described to promote myoblast fusion, a process possibly induced by dying myoblasts (36, 37).

In summary, monocytes and macrophages, including microglia, express the adhesion GPCRs EMR1, EMR2, EMR3, CD97, and GPR56 with different species and cell type specificity. BAI1, an adhesion GPCR with diverse and intriguing functions in angiogenesis, neural development, and apoptotic/microbial engulfment, is hardly expressed by professional phagocytes, and we suggest to reassess the link between BAI1 and macrophage biology.
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In 2014, specific recommendations for complement nomenclature were presented by the complement field. There remained some unresolved designations and new areas of ambiguity, and here we propose solutions to resolve these remaining issues. To enable rapid understanding of the intricate complement system and facilitate therapeutic development and application, a uniform nomenclature for cleavage fragments, pattern recognition molecules (PRMs) and enzymes of the lectin pathway and regulatory proteins of the complement system are proposed, and a standardization of language to designate different activation states of complement components is recommended.

Keywords: complement, nomenclature, C1, C1q, C2, lectin pathway, collectins, clusterin


INTRODUCTION

The complement system is composed of more than 50 different molecules and cleavage products including but not limited to pattern recognition molecules (PRMs), proenzymes, proteases, anaphylatoxins, opsonins, receptors, regulators, and multi-molecular complexes that are critical to host defense and maintenance of normal tissue homeostasis (1). While traditional functions of the complement system in host defense and clearance of cellular debris have long been appreciated, continued advancement in the field has revealed additional roles for complement from embryogenesis to aging, in both healthy and disease states (Figure 1A) (2–4). In addition, successful development of the anti-human C5 monoclonal antibody, eculizumab, for treatment in paroxysmal nocturnal hemoglobinuria, atypical hemolytic uremic syndrome and refractory myasthenia gravis has renewed interest in clinical applications for complement within the medical field for treatment as well as diagnosis. Consequently, researchers in multiple fields even beyond immunology are investigating various components and pathways of the complement system.
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FIGURE 1. (A) Complement activities control key cellular processes and contribute to a broad range of disease states. It is now broadly acknowledged that complement functions well beyond mere protection against invading pathogens but participates actively in the control of key physiological processes. Therefore, complement is key to normal cell and tissue homeostasis and aberrant complement activation (either too little or too much) can hence cause or contribute to a broad range of disease settings including recurrent infections and cancer (too little) or auto-immunity and fibrosis (too much). (B) Schematic representation of C3 family members, FB, and C2. While convention holds that smaller fragments (yellow for C3, C4, C5, and FB) retain earlier letters than larger fragments (Blue for C3, C4, C5, and FB), C2 breaks with convention (C2 current). To facilitate communication in the field and better standardize complement nomenclature, we recommend adopting standard convention for C2 (C2 recommended). (▾) Indicates cleavage site for liberation of smaller fragment. (C) C1 is a complex macromolecular structure consisting of C1q, C1r, and C1s. C1 circulates in blood as an “unactivated” complex of the recognition protein, C1q (yellow), and two molecules each of the proenzymes C1r and Cls (blue and green ellipses). Conformational changes induced by binding to an activator result in activated C1 due to the conversion of C1r and C1s to active serine proteases (blue and green triangles). C1s proceeds to cleave C4 and C2 which results ultimately in the formation of the classical pathway C3 convertase, C4b2b. Generation of opsonic C3b and iC3b, and subsequently C5a and C5b-9 (not shown) mediate the possible complement effector functions that follow. Four C1-INH molecules per C1 (only representative complexes are shown) are required to inactivate the serine proteases, C1r and C1s, and results in their dissociation from C1q, thereby regulating the amount of C4b2b generated. In the lower row, C1q can be synthesized in tissue to “silently” eliminate apoptotic cells and cellular debris.



To facilitate advancement and communication in both basic research and clinical application in the field, it is important to standardize complement nomenclature. Following a joint effort of the International Complement Society (ICS) and the European Complement Network (ECN) to simplify and clarify complement nomenclature, a list of recommended names for complement pathways, proteins, protein complexes, and receptors was established in 2014 (5), and the recommendations from that effort are shown in Table 1. This update to complement nomenclature was the first since 1981. While comprehensive, consensus was not reached on several issues. Here we propose recommendations and updates for nomenclature regarding four of these unresolved issues: (1) the cleavage products of C2, (2) C1 complexes- activated molecules, native molecules, or proenzymes, (3) lectin pathway recognition proteins and enzymes and (4) Clusterin.



Table 1. (Top) Complement nomenclature as per International Complement Society (ICS) Complement Nomenclature Committee, and ICS and European Complement Network (ECN) boards recommendation from 2014 [reproduced with permission (5)].
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THE CLEAVAGE PRODUCTS OF C2

In general, complement cleavage fragments are designated with letters according to their relative size with “a” fragments smaller than “b” fragments. Figure 1B is a schematic depicting members of the C3 family, as well as Factor B (FB) of the alternative pathway, for which the nomenclature follows this convention. In all of these cases (C3, C4, C5, FB), the larger fragment remains cell associated, and the smaller fragment diffuses from the original site of cleavage. Moreover, C3 family members (C3, C4, and C5) share similar structures, and the smaller cleavage products (C3a, C4a, and C5a) of these molecules all engage receptors on cells to trigger signaling pathways and activation processes. Convention is followed for FB, where the smaller, diffusible fragment, Ba, is liberated from the larger fragment, Bb, which remains associated with activator bound C3b. The serine protease domain of FB is within the Bb fragment.

Current nomenclature in popular use for C2 breaks convention in that the smaller fragment is often referred to as “C2b” and the larger fragment “C2a” (Figure 1B, current nomenclature). Originally, and prior to detailed knowledge of the activation mechanisms involved, the activated C2 molecule was designated as C'2a (6) and refers to the generated ability of C2 to enable/activate the cascade to continue through C3 and ultimately generate a hemolytic activity. However, a challenge to the fragment designation was debated as early as the late 70's, when the protein structure and function clearly showed the lack of conformity with the nomenclature of the other complement activation fragments. Factor B and C2 are homologous proteins [39% sequence similarity (7)], and as such Ba is similar in structure and function to the smaller C2 fragment, and Bb is similar in structure and function to the larger C2 cleavage product. Previous attempts to amend this lack of consistency in the fragment designation [for example, as adopted in Fundamentals of Immunology (8) and editions 1–6 of Janeway's Immunobiology and other texts] were not sustained. We propose that it is time to align the C2 nomenclature with the other complement proteins (Figure 1B, recommended nomenclature). This becomes exceptionally apparent to the student (or instructor) of complement when given the challenge of understanding and communicating a robust system of pathways, receptors and regulators. C2 is clearly the outlier when working through the pathways of complement activation, and it adds ambiguity to a system of pathways that is already challenging to effectively communicate. The argument against adopting the conventional nomenclature for C2 is that it is established in the literature now in a non-conventional format. The counter argument is that it is estimated that our scientific output is doubling approximately every 9 years (9). With the recent resurgence of interest and therapeutic development in the complement field, it will benefit the next generation of complement biologists to learn and work within a system that is “as simple, as clear and as unambiguous as possible” (5).



C1 COMPLEXES (UNACTIVATED/ACTIVATED/INACTIVATED)

There no longer is a specific designation for the classical complement pathway (CP) proenzymes C1r and C1s or the native zymogen C1 complex vs. activated C1r, C1s, or C1. However, to avoid confusion and therefore facilitate progress toward identification of effective therapeutic targets and therapeutic development, it is critical to accurately describe these various states of the complement components. C1 is a Ca++ dependent macromolecular complex comprised of C1q (itself a hexamer of trimers of 3 distinct protein chains C1qA, C1qB, and C1qC), and two molecules each of the proenzymes C1r and C1s (Figure 1C). In blood (or serum), most of the C1q (90%) is found in complex with the proenzymes C1r2C1s2 (10), and this is “unactivated C1” (or native zymogen C1). That is, under physiologic conditions (vs. a contrived in vitro situation), C1q is already complexed to C1r2C1s2 when it binds to an activator. C1q does not normally bind an activator and then “recruit C1r and C1s,” as has been misstated in recent literature.

When C1q within this C1 binds to “activators,” the C1q molecule is constrained in a conformation that enables C1r and C1s to be cleaved to active enzymes (C1r is autocatalytically cleaved and cleaves C1s). The activated C1s (which now converts the C1 complex to “activated C1”) propagates CP activity by cleaving the next proteins in the cascade as illustrated (Figure 1C). C1 Inhibitor (C1-INH) is an important regulator of this enzymatic activity that rapidly binds covalently in the active catalytic site of each C1r and C1s in the activated C1 complex (i.e., four C1-INH molecules are needed to inhibit the activity of the two activated C1r and two activated C1s molecules per C1 complex). This interaction also mediates dissociation of C1r and C1s from the C1q molecule. However, there is no “inactive” form of C1q. Either after the dissociation of the activated enzymes C1r and C1s from C1q or if synthesized in tissues in the absence of C1r and C1s, C1q has many activities as described in a recent review (11) one of which, the silent clearance of apoptotic cells and cellular debris, is illustrated in Figure 1C.



LECTIN PATHWAY

The lectin pathway (LP) is activated by multiple PRMs and associated enzymes (12). The PRMs show specificity toward a variety of molecular patterns present on pathogens, but also on endogenous ligands. It is believed that it is the exposure, orientation and spatial distribution of the molecular structure that determines whether binding of the PRMs may lead to complement activation. The PRMs of the LP recognized so far comprise two protein families: the ficolins including ficolin-1, ficolin-2, and ficolin-3, formerly known as M-ficolin, L-ficolin, and H-ficolin, which are encoded by the FCN1, FCN2, and FCN3 genes, respectively, and were previously assigned recommended names as shown in Table 1. The second PRM protein family of the LP is the so-called collectins comprising: mannose-binding lectin (also named MBL or mannan-binding lectin or protein), collectin-10 (also named CL-10, collectin liver-1, or CL-L1) and collectin-11 (also named CL-11 or collectin kidney-1, or CL-K1), which are encoded by the MBL2, COLEC10, and COLEC11 genes, respectively. A large proportion of CL-10 and CL-11 are found as heteromeric complexes in the circulation (CL-10/CL-11 also named CL-LK). We propose that MBL remains as earlier designated and that collectin-10 and collectin-11 designate the latter two members of this family, using the abbreviations CL-10 and CL-11, respectively (Table 1). The above proposals relate to the PRMs of the LP in higher primates, while in lower primates and in other animal species the number and expression of LP PRMs might differ, and the nomenclature may not be directly comparable particularly for the ficolins and for MBL.

The LP PRMs circulate in the blood in complex with associated serine proteases abbreviated MASP-1,−2, and−3 after their original discovery of being associated with MBL. The MASP1 gene encodes the serine proteases MASP-1 and MASP-3 as well as the non-enzymatically active MAP-1 (also named Map44), while the MASP2 gene encodes MASP-2 and the non-enzymatically active MAP-2 (also named Map19 or sMAP). MASP-1,−2, and−3 are composed of an N-terminal heavy chain and a C-terminal light chain containing the serine protease domain, whereas the non-enzymatically active MAPs express unique exons, but only express part of the heavy chains and possess no serine protease domains. The different MASPs and MAPs arise from alternative splicing of the MASP1 and MASP2 genes. When the PRMs-MASPs complexes recognize ligands, LP complement activation is subsequently initiated upon MASP-2-mediated cleavage of C4 and C2. MASP-2 was thought mainly to be activated by autoactivation. However, recently it has been shown that MASP-1 may activate MASP-2 and cleave C2, but not C4 and is thus critical in the initiation of the LP. The function of MASP-3 has long been an enigma, but at least one of its functions appears to be cleaving pro-FD to mature active FD enabling activation of the alternative pathway. The MAPs are thought to be regulators of the activity of the LP, but this has so far only been convincingly demonstrated for MAP-1 (Map44). We propose to align the names of the proteins in the lectin pathway of complement with the common nomenclature in the gene databases. The 2014 proposed use of the terms MASP-1, MASP-2, and MASP-3 are reasonable, as are MAP-1 and MAP-2 used for the non-enzymatically active alternative splice variants of the MASP1 and MASP2 genes, respectively. However, we also suggest that the abbreviations MASP-1, MASP-2, MASP-3, MAP-1, and MAP-2 in the future will be the names of the proteins without the need for using the “MBL-associated” as that only explains a fraction of their associations.



CLUSTERIN

Clusterin is a multifunctional glycoprotein known in the complement field as binding to C5b-9 complexes sequestering soluble C5b-9 to prevent host membrane interaction and thus cell and tissue damage (13). However, it is also involved in clearance of misfolded proteins including amyloid ß (14), and clusterin has a risk variant associated with Alzheimer's disease in humans. There are now many publications that abbreviate clusterin as CLU (in line with its gene name, CLU), rather than the Cn that was recommended in the 2014 report (5), and CLU was used in the Complement Factsbook 2nd Edition (7) to designate clusterin. Thus, we recommend that the CLU, not Cn, be used as the abbreviation for clusterin.



PROPERDIN

Properdin, discovered 1954 by Pillemer et al. (15), is currently the only known positive regulator of complement activation. Properdin recognizes and binds to the C3 convertase leading to a 5–10 fold increase in the stability of this enzyme complex (16). Aside from increasing the half-life of the C3 convertase, properdin—after interacting with specific glycosaminoglycans—can also directly initiate complement activation on some altered self-surfaces, such as apoptotic cells, by directing C3b deposition (17). Abbreviating properdin as FP (Factor Properdin) to bring it in line with FB, FD, FH, and FI, was briefly considered among the complement community but was abandoned as the overwhelming majority of publications used, and uses, the term properdin without any arising issues. Thus, we recommend that properdin be used as the sole term.

To conclude, we hope that the updates proposed here for cleavage fragments, PRMs, activation states and regulatory proteins of the complement system will enhance communication and thus understanding of both the basic complement pathways and consequences of activation or lack thereof, as well as, the newly discovered nuances of the complement system in the classroom, in research, in pharma and in the boardroom. It is hoped that the simplified uniform nomenclature of this intricate system will facilitate therapeutic development and appropriate application to the clinic. We propose that the ICS consider and endorse these changes and submit them to the IUIS Nomenclature Committee.
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Myeloid C-type lectin receptors (CLRs) comprise a family of receptors expressed by immune myeloid cells that share homologous C-type lectin domains. The implication of these CLRs in the regulation of homeostasis and activation of myeloid cells has generated a buoyant growth in the number of studies involving these receptors. Since their first description, diverse nomenclature has been used to refer to each of them, ranging from systematic classifications, such as gene name or cluster of differentiation, to non-systematic ones that include terminology based on gene expression patterns or function. In this review, we aim to summarize the different names used for the main myeloid CLRs and analyze which of them have been more frequently used in the literature. In addition, we have examined the evolution of the terminology applied to these myeloid CLRs over time. Based on this analysis, we propose a consensus alias for each of those myeloid CLRs. However, we acknowledge that systematicity is required beyond this terminology based on use frequency. Therefore, we have included gene names as the standardization tool to gather the maximum agreement. We suggest that a standard nomenclature consisting of both gene names and consensus alias should be included at least in scientific abstracts, which would help to identify relevant literature, saving time and effort and fostering the research in this field in a more systematic manner.

Keywords: lectin receptors, signaling, monocytes, macrophages, dendritic cells, innate immunity, nomenclature


BROAD DIVERSITY OF MYELOID C-TYPE LECTIN RECEPTORS AND BABYLONIAN CONFUSION IN THEIR NAMING

Innate immune cells surveil their nearby microenvironment, reacting against different challenges when they are identified. This reaction is based in a toolbox consisting of a plethora of pattern recognition receptors (PRRs) capable of sensing both pathogen-associated molecular patterns (PAMPs) present in invading microbes (1) and damage-associated molecular patterns (DAMPs), which are molecules released by stressed or necrotic cells (2). Ligation of PRRs by their ligands initiates intracellular signaling pathways that modulate innate and adaptive immune responses. Among the described PRRs, we will focus here in C-type lectin receptors (CLRs) expressed by myeloid cells such as monocytes, macrophages, or dendritic cells.

C-type lectin receptors (CLRs) comprise a large family of metazoan proteins (more than 1,000) characterized by containing at least one C-Type Lectin-like Domain (CTLD) (3). In order to organize the large number of receptors included in this superfamily, diverse classifications have been proposed. CLRs were early classified into 17 groups based on their structure (3). As the functional relevance of this structural classification is limited, an alternative classification of myeloid transmembrane CLRs was proposed based on their intracellular signaling domains, namely Immunoreceptor Tyrosine-based Activation Motif (ITAM) domains, hemITAM domains, Immunoreceptor Tyrosine-based Inhibition Motif (ITIM) domains or CLRs without clear ITAM or ITIM domains (4, 5).

Moreover, the abundance and diversity in function and expression of myeloid CLRs has also contributed to a great dispersion in the way that researchers name these receptors. These myeloid CLRs were initially named based on their expression pattern or gene location (e.g., DEndritic cell-associated C-type lecTIN-1 for Dectin-1 (6), Dendritic cell NK lectin Group Receptor-1 for DNGR-1 (7), Macrophage-INducible C-type LEctin for MINCLE (8). Later on, a serial nomenclature was adopted for the naming of genes from the CLR family, based on their common domain, so that they are all cataloged as CLEC (C-type LECtin) followed by an alphanumerical identifier (9). In an attempt to avoid confusion when identifying surface markers, Human Leukocyte Differentiation Antigen Workshops were organized to standardize the naming of markers that are recognized by specific monoclonal antibodies. The result of this effort was the definition of the cluster of differentiation (CD) nomenclature (10), which also applies to CLRs, such as CD303 for CLEC4C/BDCA-2 (11). The last of these workshops hold in 2014 represented the tenth of these events and provided CD nomenclature for some more CLRs, reaching the CD371 for CLEC12A (12).

This diverse nomenclature used for myeloid CLRs may generate confusion when searching or disseminating information as illustrated for CLRs expressed on dendritic cells, where up to seven different names can be found for some of these receptors (13). In an attempt to systematically analyze potential solutions to this Babylonian confusion in the myeloid CLR field, we have herein listed the different names used to identify myeloid CLRs at the National Center for Biotechnology Information (NCBI) database (https://www.ncbi.nlm.nih.gov). We have studied the prevalence of each of these names and the evolution of their usage over time in title, abstract, and keywords of published works. We decided to delimit the survey to these sections of the manuscripts as they are the main sections where scientists search literature of their interest using the PubMed search tool from NCBI (14). Taking into account this information, we propose a standard nomenclature consisting of a consensus alias for each myeloid CLR based on the most frequently used in the current literature. In any case, our study illustrates the need for systematization in the naming of myeloid CLRs, and thus we propose that the gene name (based on the CLEC nomenclature) should always accompany the “consensus” identifier at least in the abstract. Importantly, the official nomenclature for naming of human genes is provided by the Human Genome Nomenclature Committee (HGNC) (www.genenames.org), while official mouse gene names come from the Mouse Genome Informatics (MGI) (www.informatics.jax.org).



ANALYSIS OF NAMES USED FOR MYELOID CLRS

In order to study the use of the different denominations, we selected a list of myeloid CLRs grounded on our former review on the flexibility of these sensors to trigger different signaling pathways (5). Based on the “Gene” resource of NCBI (https://www.ncbi.nlm.nih.gov/gene/) we listed all the potential names (aliases) used for the mouse and human version of each selected receptor, performing the search based on their gene names, and organizing the CLRs based on their functional intracellular domains as previously proposed (4, 5) (Figure 1).
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FIGURE 1. Usage frequencies of the different aliases provided by NCBI for every myeloid C-type lectin receptor surveyed in this review. Receptors are grouped based on their intracellular domain and listed in alphabetical order of their gene name. Colored bars represent names with usage frequencies higher than 5%, except for gene names, which are always in red regardless their prevalence.



Next, we completed a search based on the PubMed resource of NCBI (https://www.ncbi.nlm.nih.gov/pubmed/, performed along the second and third week of March 2019) for any of the provided aliases for each receptor. The scope of this survey was to obtain the total number of references where each specific name has been used either alone or combined with other aliases for the same CLR, generating usage frequencies for each of these terms (Figure 1). Colored bars represent names used in more than 5% of total articles referring to that CLR, except for gene names as a source of systematicity, which are always depicted in red independently of their frequency. An additional layer of confusion for naming myeloid CLRs relies on the use or not of hyphens in their names. For our study, those aliases found in both versions were clustered as a single search using the “OR” command (Figure 1).

A quick view clearly illustrates the variability of alias type across CLRs. It can range from receptors always appointed with the same alias, either their gene (CLEC12B) or alternative (DCAR1) name, to members identified with up to five different aliases in frequencies over 5% such as CLEC10A, CD301, MGL, CD301a, and MGL1 (and even found named as HML or CLECSF14 in minor proportions). This dispersion occurs regardless the classification based on intracellular domains.

This analysis highlights the need for a systematic nomenclature for myeloid CLRs. This is particularly important for those receptors expressed by diverse coding genes in different species, but commonly found with a shared alias. This is the case of ITIM-bearing DCIR, encoded by CLEC4A in humans and by Clec4a2 in mice. In both cases, DCIR is one of the accepted aliases and is thus an unspecific name. Contrarily, and still using DCIR as an example, some names exclusively designate the human (LLIR) or mouse (DCIR1) receptors, but these aliases are not among the most frequent. Therefore, for our study, we have distinguished between “human DCIR” and “mouse DCIR,” as they are encoded by genes with a different name. These same criteria were applied to an additional name for DCIR, CLECSF6, also shared for human and mouse receptors. In addition, mouse DCIR is linked to several isoforms, mainly those encoded by the genes Clec4a2 and Clec4a4 and literature on these isoforms may be confusing if the genes are not named.

The use of non-official aliases, even not included at the NCBI gene database, constitutes another anomalous situation. This is the case for the non-ITAM/ITIM coupled CD207, commonly known as LANGERIN, with CD207 used in 43,82% of references in PubMed and LANGERIN in the remaining 56,17%. Taking this into account, for this receptor in particular, we have performed our analysis including both names, even the one not recorded as a gene alias at the Gene tool (LANGERIN). The name LANGERIN comes from the specific expression of this CLR by Langerhans cells. These cells show unique intracellular structures called Birbeck granules whose presence is associated with LANGERIN/CD207 expression (15). Therefore, this CLR can be found both intracellularly and extracellularly (16). Taking this into account, we wondered whether the use of LANGERIN or CD207 correlates with the detection of the receptor by histologic methods often used for intracellular staining or flow cytometry, usually more associated to extracellular detection. To approach it, we crossed in Pubmed either LANGERIN or CD207 with “histology” or “flow cytometry.” Interestingly, both aliases were more frequently found associated to histology (84,6% for LANGERIN and 82,86% for CD207). The same happened when the search was performed combining LANGERIN AND CD207 (84.7%). This would mean that histologic techniques are preferred for studies involving this CLR and that both names are used indistinctly.

A combination of these circumstances occurs for the ITAM-coupled DECTIN-2. According to the Gene resource, DECTIN-2 or DECTIN2 refers only to the product of the human CLEC6A gene but not to the mouse Clec4n. However, it is quite common to find references in the literature quoting DECTIN-2 for the mouse version, which can be specifically found as NKCL. Still, CLEC4N is also recorded as an alternative name for the human version. Therefore, we have differentiated between “human DECTIN-2 or DECTIN2” and “mouse DECTIN-2 or DECTIN2,” applying the same criteria to CLEC4N and CLEC6A.

Another representative example of the divergence in mouse and human terms for a myeloid CLR is DC-SIGN, a member of these receptors not coupled to an identifiable ITAM/ITIM domain. The genes encoding for this receptor are named differently in human (CD209) and mouse (Cd209a). DC-SIGN/DCSIGN can be widely found referring to both forms, consequently, we have also differentiated between “human DC-SIGN or human DCSIGN” and “mouse DC-SIGN or mouse DCSIGN.” In this case, the mouse receptor is specifically identified as SIGNR1 or SIGN-R1, but CD209 is also considered an alias for the mouse version. Therefore, we have differentiated between human and mouse CD209 for our analysis. In any case, to some extent, we assume some overlapping on the results generated by these searches based on “human” or “mouse.” It is interesting to see how this CLR was initially described as a membrane-associated mannose-binding receptor for the HIV gp120 protein (17), with no specific name until it was first identified as DC-SIGN (18). Therefore, our analysis applies to the use of different nomenclatures for CLRs, although biological information about some of them could have been generated before their current names were coined.

It is also worthy to comment that the frequency of use of a name can be influenced by the contribution of a particular author to the study of a CLR, specially when the literature is not abundant. Therefore, the most frequently used nomenclature may be biased by the publishing frequency of one author on a particular CLR. This notion emphasizes the need for an agreement in the way of naming myeloid CLRs.

Indeed, in light of the results shown in Figure 1, it is clear that defining a systematic manner to refer to myeloid CLRs is mandatory. In that sense, we encourage that, independently of how we prefer naming our favorite myeloid CLR, we should all include the gene name (as listed in Figure 1) to unequivocally and systematically identify the receptor, both in the abstract and the first time that they are mentioned in the text.



NOMENCLATURE EVOLUTION OF MYELOID C-TYPE LECTIN RECEPTORS

Our proposal assumes that there are some common and traditionally used nomenclatures that do not include the systematicity provided by the gene name. To define the temporal evolution of preferred names for myeloid CLRs, we analyzed the usage of these names (included in Figure 1) in the last years, which could suggest a consensus alias for each myeloid CLR. We analyzed the number of works naming a particular term either in the title, abstract, or keywords of published works. The search results were exported and a table including complete title, abstract, and keywords for each of the found items was generated using the reference manager software JabRef (www.jabref.org). Note that for each CLR, we incorporated the “NOT” command to search for literature where each specific alias had been used exclusively, but not the other aliases. We determined the use of each alias in any of these three sections for every paper. For the sake of clarity and unless it applies to gene names, we only analyzed aliases with frequencies over 5% for timeline analysis. Next, by using the “AND” command, we analyzed the number of simultaneous appearances among the selected aliases, in order to study their combined usage. Results are shown in Figure 2 for ITAM- or hemITAM-coupled myeloid CLRs, Figure 3 for ITIM-bearing and Figure 4 for those receptors that do not bear any ITAM or ITIM domain. Those receptors with a single alias in Figure 1 have not been included in this study.
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FIGURE 2. Temporal analysis of the use of different aliases for ITAM- and hemITAM-coupled myeloid C-type lectin receptors. The frequency of each name was analyzed either alone or in combination with the alternative aliases.
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FIGURE 3. Use of different names along time for myeloid C-type lectin receptors bearing an ITIM motif in their intracellular domain. The frequency of each alias was analyzed either alone or in combination with their alternatives.
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FIGURE 4. Usage evolution of different aliases for C-type lectin receptors not coupled to an identifiable ITAM or ITIM motif in their intracellular domain. The frequency of each name was analyzed either alone or in combination with the alternative aliases.



Timeline analysis may not completely match the results included in Figure 1; Jabref exploits the Machine readable digital library (Mr. DLib) for their searches while PubMed search engine is based on the Medical subjet headings (MeSH) algorithm (19). This fact could introduce some variability. On the other hand, the analysis performed in Figure 1 did not include the “NOT” command; therefore, those references where a myeloid CLR is identified by two (or more) aliases, were included in the total number accounting for both names. However, in the temporal analysis, those examples will be only included in the combinations, identified by the use of the “AND” command. The CLR devoid of ITAM/ITIM motif MRC1 is a representative example, where all quotations in the temporal analysis using this identification are combined with other aliases. This would also suggest the inclusion of a consensus alias at least, in the abstract of manuscripts, because if we consider the growing amount of literature that we need to handle, representative abstracts are becoming fundamental for the selection of relevant papers in scientific research.

As indicated above, hyphens have been used almost randomly in some aliases to separate name and numbers. Both versions are documented in Figure 1 as, for example, BDCA-2 or BDCA2. For this reason, we included both styles in the temporal analysis, and only the most prevalent version is depicted in Figures 2–4. This study illustrates that for all the instances except SIGNR3/SIGN-R3 and SIGNR1/SIGN-R1, the version including hyphen is the predominant one and consequently, we encourage its use. The limitation in the number of characters accepted in certain journals might be behind the use of names lacking the hyphen. However, authors should adhere to consensus aliases to make their research more easily identifiable.

The temporal analysis illustrates that common names have been more frequently used than gene names as a systematic manner to identify myeloid CLRs. CLEC9A vs. DNGR-1 represent the only exception of a CLR more often identified by its gene name. The use of CLEC9A is extended as a gene marker for cDC1s (20, 21), while the use of DNGR-1 is linked to functional studies on this receptor (22, 23). CLEC5A shows a peculiar behavior, with virtually the same frequency for exclusive use of either the gene name or MDL-1 or the combination of both of them.

In general, gene names and main aliases are not combined together in the abstract, as we propose, which contributes to confusion. Thus, as indicated before, the same common name (DC-SIGN) has been applied to the mouse and human versions without distinction, although they are encoded by different genes and show different expression patterns (24).

Interestingly, the study of the temporal evolution also allows for the detection of preferred names for CLRs along the time, which could be an extra criterium to propose a consensus alias. In this line, it is remarkable the use of the cluster of differentiation nomenclature for some receptors such as CLEC4C/CD303, CLEC10A/CD301, Mgl2/CD301b, MRC1/CD206, and LY75/CD205. Once defined in a HLDA workshop, their frequencies overcame any of their other aliases. The best example is CD206 for the mannose receptor MRC1, used both alone and in combination with other aliases. This is because the first reference to a CD occurs after monoclonal antibodies are submitted to a HLDA workshop and, from there onwards, the use of the CD nomenclature for a specific receptor begins to be applied for multiple applications (25).



PROPOSAL OF CONSENSUS NOMENCLATURE FOR MYELOID CLRS

Considering all our analysis, Table 1 compiles our proposal for the consensus alias that should be used when referring to any myeloid CLRs surveyed in this review. This proposal is based both in the total frequency (Figure 1) and temporal evolution (Figures 2–4) of their usage. In order to introduce systematicity, we propose that the current most frequent alias should be always accompanied by the specific gene name. Furthermore, we encourage the use of hyphens when required, as they are more frequently used.



Table 1. Proposed consensus alias for myeloid C-type lectin receptors.
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Both the gene name and the proposed consensus alias (Table 1) should appear at least in the abstract of manuscripts or meetings. This practice would facilitate the identification of literature of interest, fostering the visibility of any work in their research field.
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The myeloid cell system shows very high plasticity, which is crucial to quickly adapt to changes during an immune response. From the beginning, this high plasticity has made cell type classification within the myeloid cell system difficult. Not surprising, naming schemes have been frequently changed. Recent advancements in multidimensional technologies, including mass cytometry and single-cell RNA sequencing, are challenging our current understanding of cell types, cell subsets, and functional states of cells. Despite the power of these technologies to create new reference maps for the myeloid cell system, it is essential to put these new results into context with previous knowledge that was established over decades. Here we report on earlier attempts of cell type classification in the myeloid cell system, discuss current approaches and their pros and cons, and propose future strategies for cell type classification within the myeloid cell system that can be easily extended to other cell types.
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INTRODUCTION

Cell-type identification is an integral part of current immunology (1–5). The immune system as an organ is an assembly of an incredibly complex network of different types of immune cells including T and B lymphocytes, NK cells, innate lymphoid cells, monocytes, macrophages, and dendritic cells (DC), granulocytes including neutrophils, basophils and eosinophils, and mast cells (6). These cell types have specialized roles during homeostasis and infection. Moreover, it became clear that each of these significant immune cell types consists of cell type-specific cell subsets, for example, three monocyte subsets have been described in human peripheral blood, the so-called classical, intermediate, and non-classical monocyte (7). To understand the individual role of each of these subsets, it is crucial to understand the full heterogeneity of these cell types and their subsets to pinpoint the dedicated functions (8). This also needs to be considered in a spatiotemporal fashion, since immune cells are influenced in their function by their respective microenvironment as well as over time (9–11). For example, monocytes accumulate in peripheral reservoirs under homeostatic conditions, but during inflammation, they exert primarily pro-inflammatory effector functions (11–13). At a later time point during the repair phase of an inflammatory response, monocytes are characterized by regulatory properties necessary for tissue repair (14). During the last decade, technological advancements have been used to further refine our understanding of the diversity of cell types and subgroups within the immune system (15). These novel technologies must be put into context with the traditional way of defining cell types mostly relying on low-dimensional data including microscopy, functional assays, and expression of single marker genes. In the first part of the review, we discuss the current principles and strategies of defining cell types and subsets, while highlighting the different aspects of resolving cellular heterogeneity. Here we want to outline how these principles have been applied to the DC/monocyte cell space. Moreover, we will provide a framework for the integration of these recent technological advances to define cell types, subsets, but also functional states of these subsets in an iterative process.



THE MONONUCLEAR MYELOID CELL SPACE AS AN EXAMPLE FOR CELL TYPE DEFINITION

Monocytes and DC arise from the myeloid lineage of the hematopoietic system and makeup about 11% of human blood leukocytes (monocytes ~10%, DC ~1%). In humans, monocytes and DC are defined as MHCII+CSF-1R+ cells, mostly generated through a cascade of continuously differentiating progenitors in the bone marrow. The last shared intermediate is the monocyte-DC progenitor, MDP, which is characterized as a CD45RA+CD123intCD115+ fraction of a heterogeneous granulocyte-monocyte progenitor (GMP) population (16). Using CLEC12A and CD64 expression, a focused monocyte progenitor without DC potential, the common monocyte progenitor (cMoP), was described recently (17). This restricted precursor differentiates via pre-monocytes to monocytes, which in mice egress the bone marrow in a CCR2-dependent fashion (18).

Monopoiesis is highly dependent on the hematopoietic growth factor receptor CSF-1R and is enhanced, especially during infection or “sterile” inflammation (19–22). This phenomenon highlights the function of blood monocytes, which mainly serve as a reservoir for tissue-residing monocyte-derived macrophages and monocyte-derived DCs, especially during inflammation. Under homeostatic conditions, the majority of monocytes are weak phagocytic cells and are less efficient in antigen presentation when compared to DCs and macrophages (14, 23).

Initially described by Steinman and Cohn in the early 1970s DC have been extensively studied in recent decades (24, 25). Nevertheless, the high variability regarding ontogeny, phenotype, tissue localization, and function has hampered to find a comprehensive description of this cell type for a long time. On a functional level, DC are very efficient in phagocytosis and antigen presentation and are therefore crucial for the initiation of an adaptive immune response (23). DC are generated from MDPs giving rise to DC-committed precursor cells called common DC progenitors (CDP) which serve as precursor for plasmacytoid DCs and the two classical DC subtypes cDC1 and cDC2 (26, 27). Recently, a cDC-restricted progenitor cell, the pre-cDC, has been described in mouse and human (5, 28–30). Concerning pDCs, a new model has been recently suggested (1, 31). In fact, 70–90% of pDCs seem to be IRF8-dependent and derive from a different pre-pDC precursor. These cells actively produce type I interferons and do not present antigen very well. Further studies are required to corroborate these recent findings.



WHICH ASPECTS DEFINE CELLULAR IDENTITY?


The Traditional Approach: Morphology, Phenotype, and Function

Several characteristics have been used to describe and define cell types and subsets. Initially, morphological characterization by early microscopy and functional observations laid the ground for the idea of different categories of cells. Primarily, features like size, shape of the cell, and/or nucleus, density, and staining behavior for specific dyes were used to separate immune cells into several cell types and subsets (24, 32–37).

Collectively described as mononuclear phagocytic cells, macrophages and monocytes were defined by their unique morphology and ability to take up pathogens and debris (32, 33, 38, 39). Several experiments suggested that blood-derived monocytes will give rise to different types of tissue-resident macrophages, which was comprehended by van Furth and Cohn as the “mononuclear phagocyte system” (MPS) (40). Later, Ralph Steinmann described cells that display a characteristic morphology when cultured on glass surfaces (24). Due to their morphology, he termed them dendritic cells. These DCs were quickly found to be professional antigen presenting phagocytes and were incorporated into the definition of the MPS (25, 41, 42).

The MPS has been defined based on morphology and shared functionality of monocytes, DCs, and macrophages as a broader framework to describe the role of these cell types during homeostasis and immunity. However, the original definition of the MPS cannot adequately explain the heterogeneity of these cell types concerning their origin, tissue localization, disease association, regulation, and function. For example, contrary to the original ideas, blood monocytes are not the only reservoir for tissue-resident macrophages. An enormous body of research established that tissue-resident macrophages are mostly generated by early progenitors during embryogenesis and exhibit to a limited extend the partial ability for self-renewal (43–47). Only some tissues of barrier organs like the intestine rely on the replenishment of tissue-resident macrophages by differentiation of monocytes during adult life, especially during infection or inflammatory conditions (48). Nevertheless, when looking at monocyte-derived and tissue-resident macrophages, we must acknowledge that these cells have a high phenotypic and functional similarity. This redundancy is essential for the (functional) replacement of yolk-sac derived tissue-resident macrophages in some tissues but makes it difficult to find a unified classification.

The use of surface marker detection by monoclonal antibodies and flow cytometry has revolutionized the way of cell type definition throughout immunology. While a functional heterogeneity of monocytes was suggested by several earlier studies (34–37, 49), it was two-color flow cytometry that provided a tool to clearly define two major monocyte subsets by their expression of CD14 and CD16 (50, 51). About 80 to 90% percent of peripheral blood monocytes express CD14 but lack the expression of the Fcγ-receptor III (FcγRIII/CD16). This subset is characterized by a higher phagocytic activity compared to the minor subset expressing CD16 and intermediate levels of CD14. Also, CD16+ monocytes can be further separated based on their expression of CD14 into CD14dim CD16+ population and a less frequent CD14+ CD16+ subset (52, 53). The CD14+CD16− subset of monocytes is referred to as classical monocytes, monocytes expressing CD14 and CD16 as intermediate monocytes and non-classical monocytes are defined as the CD14dimCD16+ subset (7, 52, 53). Furthermore, during the last decade, several markers have been suggested for defining the monocyte cell heterogeneity, including Slan and CD2/FcεRI (54–56). However, these markers do not reach the specificity that would be required for an unambiguous definition of cell types or cell subsets (also see below and Box 1).


Box 1. Proposed framework for the definition of cell types, cell subsets, and functional states of cell types and subsets.

Cell type definition based on a single parameter space (e.g. only ontogeny) will be inferior to integrated approaches utilizing additional information (ontogeny, -omics data, phenotypic, and functional data). Nevertheless, even with such a large heterogeneous parameter space at hand, cell type definition is still not trivial. We propose a framework to define cell types and their subsets that is based on knowledge from decades of developmental and cell biology, further substantiated with recent developments and results in the field of single-cell omics (165–168). Certainly, such proposal will require larger community involvement and is mentioned as a starting point for discussion. This principle can be extended to define other cell types as well.

According to this framework, “cell types” would be defined as follows:

“Cell types” constitute the highest category. Cell types are defined by the lack of transdifferentiation capacity in more than 95% of all physiological and non-physiological conditions. Furthermore, cell types exhibit certain phenotypic, functional and genome-wide (transcriptome, epigenome, other) characteristics that are unique to all cells of a particular type. For immune cells that are terminally differentiated, cell types would include T and B lymphocytes, NK cells, monocytes, macrophages and DC, neutrophils, basophils and eosinophils, mast cells and innate lymphoid cells. For the stem cell and precursor compartment, the hematopoietic stem cell would be one cell type, while all precursors could be another cell type. Particularly in the precursor space, more research is required to define whether—based on this definition—further cell types or only cell subsets (see below) exist. This is similarly true for cell type development during embryogenesis. However, such a framework would certainly guide future research, specifically exploiting experimental systems that would allow answering the question, whether a cell is still capable of transdifferentiating toward another cell type.

“Cell subsets” would be defined as follows:

“Cell subsets” are a secondary category within any given cell type. Cell subsets share certain phenotypic, genome-wide (transcriptome, epigenome) and functional features within a given cell type, but are distinct in other phenotypic, functional, or genome-wide features that are unique to them within a cell type. In an ideal setting, these features should not overlap with those features that characterize the cell type. Furthermore, the feature set characterizing a cell subset should not change if cells are analyzed from different compartments (tissues, organs) and under differing conditions (homeostasis, acute inflammation, repair conditions, etc.). Cell subsets can be further distinguished from cell types in that cell subsets can change into another subset of the same cell type to the degree that is higher than 5%. For example, it is known that classical monocytes can further differentiate into non-classical monocytes via the intermediate monocyte subset.

“Functional states” are defined as follows:

“Functional states” are the overall current program of any given cell. Again, “functional states” would be defined by a specific pattern of phenotypic, functional and genome-wide characteristics, which ideally would exclude features characterizing cell types or subsets. “Functional states” rely on spatiotemporal information (e.g., location, the cell's individual age, the age of the organism), the activation state (homeostasis, acute, chronic inflammation, repair phase, etc.) and any combination thereof. Clearly, “functional states” can only be defined by integrated approaches and patterns or signatures of many parameters. Single parameter definitions for functional states are very unlikely. Any given cell can be described by combinations of “functional states.” In other words, “functional states” can be linked to intracellular biological modules responsible for different cellular functions. A cell could express pro-inflammatory cytokines and have elevated migratory capacity. “Functional states” can even be shared among different cell types and cell subsets. However, together with the definition of the cell type and subset, a cell can be defined unambiguously according to the three levels of cell type classification.

“Cell types,” “cell subsets,” and “functional states” will be governed by transcriptional programs that are linked to defined and specific networks of transcription factors (TFs) not only single TFs. Therefore, the description of such networks might be another means of defining cells accordingly.

The introduction of functional states will reduce the excessive introduction of new cell types or subsets and—in our view—also represents the well-known plasticity of the myeloid cell space better.



Like monocytes DC have been first described on the basis of their morphological and functional aspects. Here, pDCs are characterized as main type-I interferon (IFN-α/β) secreting cells with plasma cell-like morphology (57). Activation and secretion of type-I interferons are facilitated by recognition of virus-derived nucleic acids, especially by endosomal nucleic acid-sensing Toll-like receptors (TLRs) TLR7 and TLR9 (57). Initially, these cells were identified by several groups under different names, including natural interferon-producing cells, plasmacytoid monocytes, and plasmacytoid T-cells (58–61). Finally, a consensus name, the plasmacytoid DC was introduced and phenotypic markers were defined including human blood dendritic cell antigen (BDCA)-2, human IL-3Rα (CD123) and BDCA-4 (57, 62–65). However, as already mentioned before and described in more detail later, previously reported experiments suggest that this consensus is once again challenged (1, 31) strongly arguing for an iterative process of cell type definition continuously including new information.

Besides pDCs, there are two subsets of myeloid or classical DC (mDC/cDC) that can be distinguished in the Lin–MHC-II+CD11c+ fraction (66, 67) by using the non-overlapping markers CD1c (BDCA1) or CD141 (BDCA3) in flow cytometry (64, 65). These DC subsets have been termed cDC1 (CD141+ DC) and cDC2 (CD1c+ DCs), respectively, which have been reviewed extensively elsewhere (68–73). While these classical markers are widely used, further markers have also been suggested for subset classification of DCs (73, 74). For instance, CD141+ cDC1 can be identified by using antibodies against XCR1 (75, 76), CLEC9A (77–79) and CADM1 (80). Interestingly, all DC populations vary regarding their expression of the pattern recognition receptor family toll-like receptors, which is highly correlated with the functional roles these cells play in T-cell activation. For example, human CD141+cDC1 cells express high amounts of TLR3 (81), a pattern recognition receptor highly associated with cross-presentation (82) and thus cDC1s are specialized in presenting intracellular antigens to CD8+ T-cells in human and mice (83).

The most abundant subset of blood DCs are CD1c+ cDC2s, which can be defined analytically by expression of CD11c, CD1c (BDCA1), and FCεRIa (54, 64, 84). Furthermore, CD1c+ cDC2 express high levels of class II MHC molecules like HLA-DR, HLA-DQ, and show a high endocytic capacity, which specializes this DC type for the presentation of exogenous antigen to CD4+ T cells (64, 84). As we will outline below, future work will require community efforts to integrate the differential usage of cell subset classification markers to generate consensus nomenclatures.

Collectively, the definition of cell types of the MPS and their subsets was initially based on cellular morphology, further developed by introducing immunophenotyping using antibodies against the respective cell surface markers and complemented by a functional assessment of the cell subsets identified. We spare the many controversial findings throughout this period, which only reflects the limitations of these approaches to generate a widely accepted nomenclature of cell types and subsets.



Ontogeny as a Concept for Cell Type Definition

A group of leading experts in the field of monocyte, DC, and macrophage biology has recently proposed a nomenclature, which is based mainly on the ontogeny and tissue localization of cells (73). The proposed two-level model defines a cell type, first by its origin (level 1), which is further improved by adding a functional, phenotypic or location information (level 2) of the particular cell type. This aspect of cell type classification and the ontogeny of DCs and monocytes have been reviewed extensively (48, 72, 85).

The usage of cellular origin for cell type classification is beneficial since such approach already segregates distinct, functional units. For example, it was suggested that all phagocytes that are generated by yolk-sac derived progenitors should be referred to as macrophages and cells derived from the hematopoietic lineage as monocyte-derived cells (8, 68). A further advantage of using origin and development of immune cells as a guiding principle for cell type definition is the conservation of ontogeny across species. However, although there is a substantial overlap of ontogenies in human and murine macrophage, monocyte and DC development, there is also considerable disagreement (16, 83, 86–88). Additionally, the ontogeny of myeloid cells is difficult to study in humans, and most results are obtained by mice experiments and then projected to human myeloid cells. Clearly, the ontogeny approach is a very important aspect of cell type definition, but it needs to be combined with other characteristics of cells.




HIGH-DIMENSIONAL APPROACHES SHAPE THE MYELOID CELL SPACE

Here, we introduce the latest technological advancements that have made substantial contributions to clarify the monocyte/DC compartment. Furthermore, we want to discuss open questions and challenges associated with these new technologies. Multi-dimensional approaches have significantly improved our understanding of the myeloid cell space by providing more features resulting in higher resolution for cell typing. To contextualize this, we want to provide examples that outline how high-dimensional methods have shaped our understanding of heterogeneity in human blood-derived monocytes and DC.

Although conventional flow cytometry has revolutionized cell type classification, it is limited in the number of parameters (markers <20) being analyzed at the same time. In the early 2000s, there were a couple of technological advancements that paved the way to the development of mass cytometry enabling parallel analysis of up to 40 parameters (89–93). This higher depth of data simultaneously enabled a multitude of possibilities for immunological and biomedical sciences, including the high-dimensional assessment of cross-patient cell type dynamics during acute myeloid leukemia (94–97). More recently, multi-color flow cytometry (MCFC) has been introduced, increasing the parameter space to a similar range, as seen in mass cytometry. However, although mass cytometry and MCFC allow high-throughput protein profiling of thousands of cells, the restriction to <40 protein markers may be underrepresenting the true number of variables that are necessary to define the heterogeneity in highly complex biological samples. Besides, these markers have to be selected a priori, which may put a bias on the results obtained by mass spectrometry or MCFC. Another revolution was introduced by the development of high-throughput gene expression profiling methods like microarray-based technologies and RNA-sequencing enabling to profile thousands of genes in a single sample (98, 99). This second genomic revolution enables the genome-wide assessment of gene expression, which not only allows to characterize cellular subsets but also to investigate regulatory networks (20, 100–102).

One of the first studies that performed microarray analysis of human DCs compared the transcriptomes of sorted cDC1, cDC2, and pDCs populations from peripheral blood and tonsils to deeply characterize these subsets (103). Robbins et al. performed a comparative study to put the transcriptome data of DC subsets into context of other myeloid and lymphocyte populations in blood (104), which resulted in the identification of important conserved signature genes, thereby strengthening cDC1, cDC2, and pDC as distinct DC subsets. Moreover, assessing transcriptomic data of both murine and human immune cells allowed to align DC subsets across species (104, 105). Another important study performed transcriptome profiling of human blood CD14 and CD16 monocyte populations, three DC subsets pDC, cDC1, and cDC2 as well as their skin counterparts cDC1, cDC2, and skin derived CD14+ cells (80).

Notably, cell types like skin cDC1 and cDC2 grouped together with their counterparts isolated from blood, suggesting a high similarity of DC subsets independent from the microenvironment. We extended these findings to compare different DC subsets in many individuals and different tissues [lymphohematopoietic (blood, thymus, spleen) and non-lymphohematopoietic (skin, lung)] allowing to characterize the impact of the microenvironment on the identity of a cell type (74). Integration of immune phenotyping, gene expression profiling, and bioinformatic analysis revealed that DC subsets from blood, spleen, and thymus were transcriptionally conserved, with only minor transcriptomic differences between the same DC subsets across tissues. In contrast, the transcriptomic consequence of the respective microenvironment was stronger in lung and skin subsets. This suggests a higher tissue imprinting of non-lymphohematopoietic DC subsets in barrier organs like lung and skin, when comparing to the tissue imprinting that has been reported for tissue-resident macrophage subsets (47, 100, 106, 107). However, the difference between different DC subsets (cDC1 vs. cDC2) is still larger than the differences between the same DC subset among different tissues (e.g., skin cDC1 vs. blood cDC1).

Collectively, gene expression profiling and comparative bioinformatic analysis have substantially contributed to understand the complex DC networks across species further improving current descriptions of unified and more unbiased classifications (73, 105, 108).

Early transcriptomic approaches of human and mouse monocyte subsets not only helped to deeply characterize these cell types but also presented a framework to validate high conservation of gene expression profiles between mouse and humans (104, 109). For example, a combination of well-designed functional assays and gene expression profiling helped to refine the role of non-classical monocytes as the counterpart to murine “patrolling” Gr1− monocytes (110). Other studies sharpened the definition of the intermediate and non-classical monocytes as distinct cell subset (110–112). Interestingly, these studies revealed a high similarity of non-classical and intermediate monocytes, underlining the transitional nature of these cells, as they show intermediate expression for most of the marker genes differentially expressed between classical and non-classical monocytes. Interestingly, a unique module of class-II MHC genes was highest expressed in the intermediate monocyte population (111).

Measuring RNA rather than protein levels represents one of the major limitations of gene expression profiling methods. While the overall correlation of transcriptome and proteome is relatively high (113, 114), RNA-seq and microarrays do not allow to assess post-translational modifications, which represent a central part of cellular regulation (115, 116). To overcome this limitation, mass cytometry has been utilized to profile post-translational modifications like phosphorylation, methylation, and glycosylation (117, 118). A good example of the value of methods with larger feature size compared to single or few marker studies is the definition of cells expressing the carbohydrate modification 6-Sulfo LacNAc (Slan) on the PSGL1 protein. Indeed, myeloid cells presenting Slan initially were termed “SlanDCs” (119–121), while others described an overlap of Slan+ cells with non-classical monocytes (122, 123). However, all these studies largely rely on low-dimensional marker assessment by flow cytometry and are not always directly comparable due to differences in their choice of markers or gating strategies. To investigate this in a more unbiased fashion, Roussel et al. defined a 38-marker panel to study human myeloid cells from peripheral blood by mass cytometry (124). A semi-supervised analysis of the data resulted in the identification of distinct monocyte populations, two subsets overlap with markers from classical and intermediate monocytes while there are two subsets of monocytes that are similar to non-classical monocytes. The multi-dimensional analysis maps Slan+ cells to the non-classical monocytes and does not show alignment with any DC population. In this study, Slan separates the non-classical monocytes into a Slanhigh and a Slanlow CD14dimCD16+ population. However, earlier genomic comparisons of sorted Slanhigh vs. Slanlow subsets did not reveal a significant difference between those two populations (110). More recently, by combining index sorting and high-content single-cell RNA-sequencing, we show further evidence that Slan expression does not reflect different cell subsets as the underlying overall transcriptional program is not different between Slanhigh and Slanlow cells. Moreover, we clearly show that Slan+ cells are all non-classical monocytes (125).

Manual gating of monocytes by CD14 and CD16 is biased by the investigator, which is a disadvantage for large multi-center clinical studies. Unsupervised and semi-supervised computational analyses improve the accuracy and reproducibility of subset definitions (95, 117, 124, 126–128). However, interpretation of these results must be performed with special care, since the primary analysis is still dependent on manual parameter settings by the investigator. For example, in contrast to an earlier study utilizing mass cytometry (124) similar profiling of human mononuclear myeloid cells revealed three subsets of human monocytes in two other studies, while others report significant heterogeneity including three non-classical, one intermediate and four classical subsets (22). Interestingly, Hamers et al. identified a non-classical population, which is quite different to other non-classical populations and expresses CD9+ CD41+ and CD61+, which may represent an eosinophil/basophil contamination (129–131). Another interesting observation is the rather low inter-individual difference of human monocyte populations during homeostasis when assessed by mass cytometry (22, 132).

High-throughput gene expression profiling by microarray or RNA-seq has paved the way to understand the regulatory networks within human monocytes and DC. These technologies are indispensable for high-depth characterization of immune cell types. Nevertheless, these population-based methods are not designed to detect further cellular heterogeneity within a sample. The gene expression measurement in a population-based RNA-seq represents an average signal of typically more than 10,000 individual cells, resulting in leveling out any further heterogeneity. Frequently, samples are generated by flow cytometry assisted cell sorting, which relies on the information of a limited set of marker genes. However, if these markers are not sufficient for detecting the full heterogeneity of the tissue, the results may be underestimating the true heterogeneity.

Transcriptional profiling of individual cells by single-cell RNA-seq has been introduced in 2009 (133, 134) and has revolutionized cell type discovery in all fields of biology (135–142), therefore it may be claimed as “third genomic revolution.” Single-cell RNA sequencing approaches allow transcriptional profiling of 10,000s of individual cells. In contrast to population-based RNA-seq, the groups of cells are not defined a priori, rather the cell classification is based on the similarity of gene expression profiles.

A series of studies applied single-cell RNA-seq to understand the heterogeneity of human blood DCs and DC progenitors (5, 30, 143). See et al., as well as Villani et al., detected and characterized the conventional subsets, including cDC1, cDC2, and pDC. Surprisingly, beyond these similarities the results differed significantly, strongly arguing that such high-dimensional data require particular care when assigning cell types and cell subsets. We defined cell types and subsets by a combination of function, phenotype and transcriptional profile, which lead to the identification of precursors (pre-cDCs) for the cDC1 and cDC2 subsets in addition to the three main DC subsets (5). To reconcile these two major initial reports, we developed a strategy that allows developing cell type classification consensus based on phenotypic and transcriptional features also including prior knowledge (125). This approach revealed that (1) the AXL+Siglec6+ DCs (AS-DCs) described by Villani et al. are mainly pre-cDCs as described in (5), (2) Mono4 are contaminating CD56dim NK cells, and (3) cells introduced as CD16+ CSF1-R+ CTSS+ DCs are not belonging to the DC lineage. This general strategy is not restricted to myeloid cells but can be applied to any cell type classification problem in any species (125).

Recently, single-cell RNA-seq has also been used for improving our knowledge about the generation of DCs from bone marrow-derived progenitors. There is evidence that there is much higher flexibility in the development of DC and monocytes than already appreciated. Hematopoietic models that are not based on repeating rounds of division and differentiation (72, 144, 145) allow for incorporation of recent findings that suggest that cDCs can be generated by lymphoid progenitors (146). Also, the latest reports show important evidence that the large majority of pDCs arise from lymphoid progenitors rather than CDPs (1, 31). Probably, a community effort to clarify future naming and nomenclature of these cells is now warranted. Importantly, the recent high-dimensional characterization of pDCs (5, 125, 132, 143) and new insights into their ontogeny in mice (1) could form the basis for such new discussions.

Clearly, this is only the beginning of applying these technologies to open questions concerning the plasticity of the myeloid cell compartment. We also recognize that single-cell RNA-seq data are currently challenging our view on cell type classification and function within the myeloid cell compartment. However, in the long run, we are convinced that the higher information content per cell will give us a much better understanding of individual cells within any given tissue, organ, or inflammatory response.



PROPOSAL OF GENERAL PRINCIPLES FOR CELL TYPE DEFINITIONS

Considering the apparent ease, with which different cell types were characterized based on morphological differences a century ago (39), our capabilities to simultaneously measure hundreds to thousands of parameters per single cell seem to decrease our ability to agree on defined cell types and cell subsets (1, 5, 31, 143). The ability to detect heterogeneity between individual cells has extended to biological differences that are not related to questions concerning cell type or cell subset. The best-characterized biological process in single cell –omics data being cell cycle in proliferating cells (147–149). Certainly, cell cycle differences should not classify two cells of the same type as different cell types or subsets. Stochastic behaviors of single cells, e.g., in transcription (150, 151) would be another biological phenomenon that should not impact on cell classification aspects. Furthermore, data sparsity, still very apparent in all sequencing-based single cell technologies, requires attention, when dealing with cell type definitions.

Similarly, important is the question, whether all biased approaches requiring feature selection (e.g., which markers to be analyzed) prior to analysis are good starting points for cell type definitions. These would include all multi-color flow cytometry and single-cell mass spectrometry approaches. Potentially a more appropriate approach would be the combination of markers (chosen by the investigator) with unbiased approaches provided by single cell sequencing-based technologies. This is crucial since it allows to link the enormous body of research that has been performed with flow cytometry-defined cell populations (e.g. ontogeny) with results obtained by analysis of high-dimensional data. For example, index sorting based on previously defined cell surface markers combined with scRNA-seq might be a better way of defining the cell population structure as well as the practicality of certain protein markers to capture the population structure (125, 152, 153). Alternative but significantly more expensive approaches are based on the combination of full transcriptome scRNA-seq and oligonucleotide-labeled antibodies (154, 155). It can be expected that these approaches require iterations of experiments until markers are identified that truly reflect the underlying population structure. In this context, it is important to note that even such large endeavors such as the Human Cell Atlas will require the integration of additional layers of information in addition to scRNA-seq data. Furthermore, we postulate that these iterations will lead to consensus maps as a basis for cell type definitions (125). Very much like the cluster of differentiation (CD) workshops for antibodies (156), a community effort will be necessary to agree on the different versions of such consensus maps of individual cell types.

However, even if the combination of truly unbiased single cell –omics approaches and antibody-based techniques leads to novel consensus maps of immune cells including the myeloid cell space, we propose that each cell type and more importantly each cell subset requires to be functionally characterized, as we have previously demonstrated for human DCs in blood (5). In other words, we strongly argue that a final definition of a cell subset should be validated on functional differences and not only on transcriptional and phenotypic differences.

Once cell types are defined under homeostatic conditions, which is a major goal of the Human Cell Atlas (157), an even more daunting task will be to define cell types and subsets under pathophysiological processes. While certain cell types will be under developmental trajectories (cell states) under physiological conditions, the space for different cell states in disease settings will further increase (158). More importantly, under these conditions, there will be mainly changes in parameters related to biological function rather than features defining cell types or subset. A major goal for further cell type definitions will be to integrate these functional states and trajectories. In this context, we propose cell types as the highest level to distinguish cells. For example, DC, monocytes, and macrophages would qualify as individual cell types, while pDC, cDC1, and cDC2 would qualify as DC subsets (5, 125). Each of these subsets can exist in different functional states that depend on location, differentiation stage, acute or chronic activation signals, to name only a few (69, 74). Again, even for functional states, we would propose to define cells based on hundreds of parameters measured by single cell –omics technologies to be combined with classical marker strategies but finally also integrate functional readouts for these cellular states.

Even if we can agree on such an approach, the question remains, how this can be realized technically? In fact, this is not a mere technical question, as it requires to consider methods that are more independent of investigator bias. For example, we strongly suggest building approaches that will allow us to build cell type definitions based on machine learning rather than on investigator-driven and individualized analysis pipelines. Single-cell transcriptomics algorithms as they are implemented in singleR (159) or scMatch (160) are good starting points. Nevertheless, they still heavily rely on an investigator's interpretation of such high-feature data spaces. Cell type definition could be a classification problem requiring the respective machine learning as they are used for classifier generation in other areas (161, 162). We do not favor solely data-driven machine learning but would suggest the integration of prior knowledge. First attempts to develop such methods are currently underway, and we will soon know, whether the introduction of machine learning based cell class prediction will truly aid our attempts to make sense of the hundreds to thousands of parameters that we now can routinely measure from single cells.



SUMMARY AND OUTLOOK

Since the discovery of myeloid cells more than a century ago, we have learned a lot about these important immune cells. Their enormous plasticity is fascinating and challenging at the same time. Not surprisingly, cell type definitions and nomenclature—up to the day—have been changed or updated regularly (48, 68, 108, 163, 164). A unified nomenclature is the basis for an effective communication among scientists and will accelerate discovery of novel therapeutics. Moreover, high-dimensional profiling of samples will facilitate to compare results and cell types across experiments, tissues and species. Even with the highest number of parameters known per any given cell, we still differ in our interpretations of certain cell types within the myeloid compartment. While it will be rather critical to include prior knowledge when labeling cells based on high-dimensional single cell data, we need to develop better tools based on robust mathematical rules that help us to determine cellular phenotypes and functions less ambiguously. With the emergence of powerful machine learning and AI-based methodology, the time has probably come to utilize such approaches to our benefit when describing cell types, cell subsets, and their functional states. Irrespective of the power of such approaches, we also need to accept that we are far from a complete understanding of these cells. Additional layers of information, for example, epigenetic information, will have to be included in cell type definitions as they arise. Therefore, we foresee numerous iterations of defining cell types and their functions in the decades to come. In other words, consensus maps of cell types and subsets that we agree on today will form the basis for newer maps with updated information content in the future. A potential framework for such a community-based effort has been outlined here.
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The increasingly recognized role of different types of B cells and plasma cells in protective and pathogenic immune responses combined with technological advances have generated a plethora of information regarding the heterogeneity of this human immune compartment. Unfortunately, the lack of a consistent classification of human B cells also creates significant imprecision on the adjudication of different phenotypes to well-defined populations. Additional confusion in the field stems from: the use of non-discriminatory, overlapping markers to define some populations, the extrapolation of mouse concepts to humans, and the assignation of functional significance to populations often defined by insufficient surface markers. In this review, we shall discuss the current understanding of human B cell heterogeneity and define major parental populations and associated subsets while discussing their functional significance. We shall also identify current challenges and opportunities. It stands to reason that a unified approach will not only permit comparison of separate studies but also improve our ability to define deviations from normative values and to create a clean framework for the identification, functional significance, and disease association with new populations.
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INTRODUCTION

B cells constitute a critical arm of the immune system and are responsible for the short-term and long-term generation of humoral antibody responses. B cells also carry out antibody-independent functions including: antigen-presentation, modulation of T cell differentiation and survival, and production of both regulatory and pro-inflammatory cytokines (1–4). Finally, B cells play a critical role in the formation of secondary and tertiary lymphoid tissue. A growing number of publications reflect their indispensable role in the generation of protective and pathogenic antibodies and their functional versatility, as well as their potential utility as disease biomarkers and therapeutic targets. Their behavior and value as biomarkers during changes in disease activity, whether spontaneous or in response to treatment, has also been an area of strong exploration. Unfortunately, there is growing difficulty in reconciling different and often contradictory studies. At the core of this problem are: the use of limited and inconsistent phenotypic markers, the use of pauci-color flow cytometry, inappropriate and imprecise extrapolation of the significance of individual markers, and the forced inclusion of multiple B cell subsets within larger and heterogeneous populations. These problems are compounded by the assignment of functional properties (regulation, activation, anergy) and developmental connotations on the basis of surface phenotype rather than precise functional characterization and/or molecular markers (transcriptional factors/networks).



PERIPHERAL B CELL DIVERSITY: EMPHASIS ON HUMAN PHENOTYPES

Widely accepted schemes of human B cell development are modeled on knowledge derived from mouse studies, and indeed, fractions equivalent to murine pro-B, pre-B, immature, transitional B, and naïve B cells have been identified in human bone marrow (5–7). Current knowledge of peripheral human B cells stems mostly from tonsil analyses and a plethora of peripheral blood studies complemented by more limited analyses of spleen cells and non-malignant lymph nodes (8–29). The combination of those studies has identified the human counterpart to transitional and mature B cell compartments with the latter containing naïve B cells; germinal center (GC) B cells; memory B cells; and antibody-secreting cells (ASC) (25). Of note, with the possible exception of GC cells, all human B cell populations found in lymphoid tissues can also be demonstrated in the peripheral blood lymphocytes (PBL) including the ambiguously coined tissue-based memory cells further discussed below. These populations can be considered as parental populations comprised of different B cell subsets as it will be discussed later in the review (Figure 1).


[image: Figure 1]
FIGURE 1. Human B cell ontogeny. Illustration of the current understanding of B cell ontogeny in human B cells from late bone marrow (pro- and pre-B cells) through peripheral activation pathways, and into antibody secreting cells (ASC)/long-lived plasma cells compartments (PC). (→) Denotes clear literature supported associations, whereas (- - - >) represent associations which are theoretical but have literature supported plausibility. T1, transitional type 1 B cells; T2, transitional type 2 B cells; T3, transitional type 3 B cells; MZP, marginal zone precursor B cells; DN1, double-negative (IgD– CD27–)−1 B cells; DN2, double-negative (IgD– CD27–)−2 B cells; GC, germinal center; FDC, follicular dendritic cell.


From a developmental standpoint, mouse B cells are generally classified into B1 and B2 (follicular) B cells and marginal zone (MZ) B cells, with B1 and MZ B cells sharing important functional properties and in particular, the ability to generate a fast and intense burst of ASC against particulate bacterial antigens (30). In addition, mouse studies have also defined two major pathways of B2 cell activation and differentiation into ASC: (1) the GC pathway leading to the generation of long-lived memory cells and plasma cells; and (2) the extra-follicular pathway responsible for the generation of B cell blasts and short-lived plasmablasts (PB) (31). Of note, the extrafollicular pathway can also generate long-term memory and long-lived PC in a T cell independent fashion (32–34). While MZ B cells have been well-described in the human spleen and a circulating MZ equivalent is also recognized in the peripheral blood, the existence, significance and phenotypic identifiers of human B1 cells remain in dispute. Indeed, while an original report identified a population of human B cells sharing phenotypic (CD20+, CD27+, CD43+, CD70–), B cell repertoire, and functional features of the murine B1 population, subsequent analysis by the same group and others shed some doubt on the quantitation of these cells (35–39).



PHENOTYPIC MARKERS OF HUMAN PERIPHERAL B CELLS. BASIC EXPERIMENTAL AND ANALYTICAL APPROACH

All major parental populations of human peripheral B cells can be identified using a relatively small number of surface phenotypic markers including CD19, CD20, IgD, CD27, CD38, and CD24 (25). With the exception of plasma cells, the expression of CD19 and CD20 follows a largely overlapping pattern and their concomitant measurement may be redundant. Generally, these markers are used in conjunction with non-B cell lineage markers (exclusion channel), for positive identification of members of the B cell lineage and exclusion of non-B cells from the analysis. When only a limited number of markers are available, we prefer to use CD19 since the intensity of expression of this marker may provide valuable information regarding B cell activation, and expression may help differentiate between short-lived and long-lived PC, as will be discussed in further detail below (40). In turn, while the absence of CD20 is a valuable indicator of ASC in peripheral B cell analysis, enumeration of all ASC can also be achieved through the combination of CD27 and CD38 with the CD27hiCD38hi fraction containing both CD20– ASC as well as a small fraction of CD20+ ASC (see below). In all, we believe that proper analysis of the major canonical human B cell subsets can be achieved through, and requires, the analysis of 7-markers combined with proper exclusion of dead cells and cellular doublets. The recommended markers include: (1) non-B cells exclusion markers such as CD3 and CD14; (2) CD19; (3) IgD; (4) CD27; (5) CD38, (6) CD24; and (7) CD21. This combination of markers enables the analysis of human B cells through a combination of the two more widely used classification schemes: IgD vs. CD27; and IgD vs. CD38 (Figures 2A,B). The latter approach classifies B cells using the Bm1–Bm5 nomenclature originally derived from the study of mature B cells (Bm) in the human tonsil (8). Of note, this nomenclature was designed for the classification of B cells in human lymphoid tissue with the help of additional markers including CD10, CD44, CD77, and CD23 (8). When applied to the peripheral blood on the basis of IgD and CD38 expression, this approach is less categorical than the IgD/CD27 approach: as it fails to separate transitional cells (IgD+ CD38hi) from pre-GC cells (Bm2'), coalesces different types of memory B cells (10), does not separate resting naïve cells (Bm1) from IgD+ unswitched memory cells (10), and does not distinguish between conventional CD27+ memory cells and IgD/CD27 double negative cells, which in turn contains a heterogeneous population of cells including atypical/tissue-based/exhausted memory cells and activated extrafollicular PB precursors (25, 41–46). Accordingly, we recommend to base the initial categorization of parental B cell populations on the combination of IgD, CD27, and CD38 together with CD24 (Figures 2A,C). In addition, we strongly recommend the inclusion of CD21 in the core marker set as its expression enables the recognition of activated cells within all parental B cell populations and possibly, as further discussed below, of developmentally distinct B cells (Table 1). While largely overlapping with CD19, the inclusion of CD20 offers additional discriminating power to identify ASC.
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FIGURE 2. Proposed B cell gating strategies. (A) CD27 vs. IgD gating strategy of CD19+ cells in a normal healthy donor representing four distinct B cell fractions: (I) switched memory (SM) B cells with associated plasmablasts (PB), (II) CD27– IgD– DN (double-negative) B cells, (III) global naïve B cell gate which includes transitional types 1–3 populations (associated FLOCK plots), (IV) Unswitched memory/IgD-only memory B cells. (B) Bm1–Bm5 gating strategy which identifies five B cell fractions which have more difficulty resolving memory from effector B cells, and naïve B cells from memory. (C) CD24 vs. CD38 gating strategy which defines five B cell fractions with good separation of memory from naïve (excluding the fraction II which represents combined activated memory and activate naïve) and naïve from transitional B cell populations. Better population resolution can be attained by subgating from the naïve population within the CD27 vs. IgD strategy followed by this CD24 vs. CD38 strategy. Of note is that transitional type-3 (T3) B cells cannot be resolved in any strategy without the use of MitoTracker® Green (MTG). (D) Representative FACS files showing (CD27– IgD–) DN B cells in a population of rheumatoid arthritis (RA), systemic lupus erythematous (SLE), scleroderma, and both acute and chronic human immunodeficiency virus (HIV) infected patients. Additionally, the DN population can be further defined by markers such as CXCR5. (E) Derived from Jenks et al. (41), Immunity, showing FcRL4 expression in atypical memory B cells from HIV patients but not SLE DN B cells, and the reciprocal expression pattern for FcRL5 (high in SLE but not HIV). This heterogeneity in expression patterns is indicative of multiple DN B cell populations, and can only be resolved by further marker subgating on DN B cells. Additionally, CD11c is highly expressed in SLE B cells and is indicative of DN2 B cells (activated effector cells) and are very different from the proposed atypical memory B cells of HIV which are thought to be anergic. PB, plasmablasts; DN, CD27– IgD– double negative B cells; T1, transitional type 1 B cells; T2, transitional type 2 B cells; T3, transitional type 3 B cells; GC, germinal center-like B cells; SM, switched memory B cells; USM, unswitched memory B cells; aNaive/aNAV, activated naïve B cells; Naïve/rNAV, resting naïve B cells; DN1, double negative 1 B cells; DN2, double negative 2 B cells, HIV, human immunodeficiency virus; SLE, systemic lupus erythematosus.



Table 1. Classification of blood human B cells using seven core markers.
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As further discussed elsewhere in this review, the use of additional markers may significantly increase the investigators' ability to discriminate finer subsets of different functional properties and developmental origin (Table 1). Valuable makers whose use and discriminatory power has been well-documented in multiple studies include: IgM, IgG, IgA, CD10, CD23, CD80, CD86, CD69, CD95, CD11c, CD22, CXCR5, FcRL4, and FcRL5. In addition, the use of CD138 identifies more mature PC. A smaller number of studies have used CD25 as a marker of activation and in at least one study as a marker of B regulatory cells (47, 48). In addition, CD71 is a valuable marker of early memory B cell activation (49). Finally, CD5 and CD43 have been used to identify B1 cells. The value of CD5 for this purpose however, has been negated by multiple studies as this marker can be expressed by multiple B cell populations at least in part as a result of B cell activation (9, 50, 51).

In addition to surface markers, the classification of B cells can be powerfully aided by measuring the expression of proliferative markers (e.g., Ki-67); transcription factors (41, 52–60) and intracellular or secreted cytokines (1, 3). However, a comprehensive discussion of these valuable markers is outside the scope of this review. Accordingly, we will only address the significance of the expression of the transcription factor T-bet, given the prominence it has gained in the B cell literature over the last few years (61).



CLASSIFICATION OF CANONICAL B CELL POPULATIONS IN THE HUMAN PERIPHERAL BLOOD

As previously mentioned, a limited number of surface markers suffice for a consistent and quantitative measurement of all major B cell populations (Table 1). The canonical B cell populations thus recognized in the human peripheral blood are discussed in detail below and include: transitional cells, naïve B cells, memory B cells, circulating marginal zone (MZ) B cells, atypical memory B cells, and ASC. A more precise characterization of these canonical populations and of the distinct subsets they contain requires the use of additional markers (Table 1).


Transitional B Cells (T; Canonical Phenotype: CD19+, IgDlo/+, CD27–, CD24++, CD38++)

In the mouse, newly formed bone marrow immature B cells differentiate through sequential transitional stages of maturation into functionally competent follicular naïve B cells, a process originally thought to be limited to the spleen, but that it is now known to also take place in the bone marrow (62, 63). The transitional B cell differentiation process is replicated in humans with T1, T2, and T3 circulating transitional fractions recognized in the peripheral blood (9, 22, 63). These consecutive fractions differ in their relative level of expression of CD24, CD38, CD10, and CD9 as well as IgM, all of which are gradually downregulated from T1 → T3 (Figures 2A,C) (9, 22). Transitional cells share with memory cells and activated naïve cells, the ability to retain mitochondrial dyes such as rhodamine or MitoTracker® Green owing to the absence of the ATP-binding cassette (ABC) B1 transporter (64). Similar to mice, the human spleen also contains a MZ precursor (MZP) representing a branching point of T2 cells characterized by high levels of CD21 (13, 22), a feature shared by a population of bone marrow transitional cells (65). Similar cells can be detected in the PBL on the basis of their expression of a CD45RB glycoform recognized by the MEM55 antibody (21, 66). In contrast to other transitional cells, a fraction of MZP express the (ABC)B1 transporter and accordingly, do not retain mitochondrial dyes.

The actual significance of T3 cells remains unknown as, in the mouse, these cells have been proposed to represent either anergic B cells (67), or the immediate precursor of mature naïve B cells (68); a characterization disputed by others (69). In turn, human cells with a T3 phenotype may represent either late transitional naïve precursors in the context of post-rituximab B cell repopulation (22) or early activated naïve B cells in active SLE (70).



Naïve B Cells (N: Canonical Phenotype: CD19+, IgD+, CD27–, CD38+/–, CD24+/–)

Human naïve B cells are typically defined by the expression of high levels of IgD and positive IgM staining, although at lower levels than in transitional cells. Using the core flow panel, N cells can be separated from transitional cells by their down-regulation of CD38 and CD24 which in N cells are both expressed as a continuum ranging from low-to-negative expression; and lack of CD27 expression (Figure 2A). Extended panels can further separate N cells based on their lack of expression of CD10 and lack of retention of mitochondrial dyes. Contrary to transitional cells, characterized by higher expression of IgM in a narrower MFI range, N cells express a wider continuum of surface IgM levels that include fractions with low-to-negative levels. The latter smaller fraction represents <2% of blood B cells and is characterized by the absence of IgM (IgD+, IgM– naïve, or BND), representing anergic autoreactive cells, a phenotype that has been extended to a larger fraction of IgMlow IgD+ cells encompassing 30% of all N cells (71). The larger low expression fraction is consistent with the abundance of autoreactive anergic B cells initially demonstrated in transgenic mice and then in wild-type mice (67, 72). It should be noted however, that IgM downregulation can also be induced by BCR activation and that expansions of IgMlow N cells with activated phenotype are observed in autoimmune diseases such as SLE (71). These observations should therefore, temper the use of IgM levels in isolation of other markers to define anergy or activation in the context of immune stimulation.

The use of additional markers recommended for the extended panels, such as CD21 and CD23 as well as traditional markers of activation such as CD80, CD86, CD95, and CD25, clearly discriminates distinct naïve B cell subsets. Thus, the characteristic phenotype of blood (resting) naïve B cells includes constitutive expression of CD21 and CD23 established during maturation and the absence of CD80, CD86, CD95, or CD25. The latter set of markers is only expressed by a minor fraction of N cells (<5%), in unperturbed healthy controls and gets differentially modulated upon B cell activation either through the BCR, CD40L, or TLR engagement in the context of IL-4 and other cytokines (73–79). It is important to recognize that significant differences exist in the intensity and kinetics of upregulation of these markers in response to different stimuli (80–83). Accordingly, it is recommended that the same marker and protocol be used when comparative analysis of naïve B cell activation is undertaken.

Valuable information can also be obtained through the expression of CD23 and CD21, two markers commonly used in the study of human B cells and whose expression is modulated during both B cell development and activation (65). CD21 and CD23, which in mouse and human spleen are fundamental for the adjudication of follicular and marginal zone phenotypes (13, 24, 84), are expressed universally by unperturbed human blood naïve B cells and their downregulation is observed in a major fraction of naïve B cells in several immunological conditions, including SLE (41, 85). Despite these observations, stemming from murine models and extrapolations made from the analysis of tonsil B cells and diverse in vitro stimulation conditions, the expression or lack thereof, of CD23 in human N cells has been interpreted in opposite ways. Thus, it was initially reported that tonsil naïve B cells upregulate CD23 during their differentiation (CD23– Bm1 to CD23+ Bm2) to GC centroblasts (Bm3). Yet, the same and subsequent studies also demonstrated the absence of CD23 in GC cells and in an activated (CD71+) intermediate population postulated to represent the early stages of naïve differentiation into GC cells or GC founders (86, 87). Consistent with an activated phenotype of CD23– N cells, multiple studies have identified expansions of CD23– B cell populations in SLE (40, 41, 71, 88, 89). These studies include recent detailed functional, transcriptional, and epigenetic characterization of activated naïve B cells marked by over-expression of T-bet, CD11c, SLAMF7, FcRL5 and other activation markers including CD80/CD86 and CD69, as well as downregulation of CD21 and CD23 (Figures 2C, 3A,B) (40, 41, 90). However, expansion of activated naïve B cells in SLE has also been postulated on the basis of CD23 upregulation (74). This work however also described an expansion of CD23-negative naïve cells that were attributed to possible contamination with memory cells. Unfortunately, the absence of IgD, CD27, and CD23 co-staining precluded a conclusive identification of the relevant populations and even larger proportions of CD27– CD23– cells expressed CD80 and CD86 in SLE relative to CD23+ cells in healthy controls. Of interest, the recently described DN2 population (IgD– CD27– CD23– CD11c+ Tbet+), which is highly expanded in active SLE and which represents the progeny of activated extrafollicular naïve cells, could have accounted for the expansion of CD23– cells (42).
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FIGURE 3. T-bet, CD21, and CD11c expression ex vivo and after stimulation. (A) The majority of T-bet high B cells are IgD–CD27– DN or IgD+CD27– naïve B cells with a CD11c bright and CXCR5– phenotype characteristic of DN2 and activated naïve B cells, staining of CD19 B cells from a representative SLE patient. (B) Activated naïve and DN2 have the highest levels of intracellular T-bet staining. Gating and histograms are shown for a representative SLE patient is shown on top and quantification of T-bet mean fluorescence intensity for four SLE patients is shown below. Note, while CXCR5– SWM and CD27++ CD38++ PC express some T-bet their MFI is still significantly lower than that of DN2 and activated naïve. (C) Stimulation of HCD naïve B cells with TLR7 agonist R848, cytokines, and interferon gamma but not IL4 results in both plasma cell differentiation and increased T-bet and CD11c expression with concomitant loss of CD21 and CD23 expression. (D) Naive B cells from both HCD and SLE patients gain CD11c and lose CD21 in response to stimulation with interferon gamma, R848, and cytokines. (E) CD21 expression from flow sorted in vitro differentiated B cell populations (starting population indicated above center flow plots). There was a reduction of CD21 expression within all cultures (as compared to residual CD19+ IgD+ undifferentiated resting naïve B cells), independent of starting B cell population, suggesting that the loss of CD21 is indicative of a B cell activation state and recapitulates the in vivo phenotype of DN2 and activated naïve B cells. (B,D) were adapted from Jenks et al. (41).


On the basis of what is known about the stimuli that upregulate CD23 expression on human B cells, it is certainly possible that activated naïve B cells could express different phenotypes in different conditions depending on a number of variables such as the duration of stimulation, type of T cell help, and cytokine milieu (75, 89, 91–93). Thus, IL-4 seems to be the main inducer of this marker after either BCR or CD40 stimulation and this induction is inhibited by IFNγ (77, 91, 92) (Figure 3). Notably, IL-4 and IFNγ exert a similarly reciprocal regulation on the differentiation of T-bet+ B cells induced in SLE (41, 94–103).

Similar to CD23, as further discussed below, CD21 downregulation identifies expanded fractions in several diseases characterized by increased B cell autoreactivity including SLE, CVID, Sjogren's syndrome, and RA (12, 41, 85, 104–107). CD21 downregulation also marks activated memory cells whether in normal vaccination responses, HIV and malaria infection, or in memory cells expanded in response to checkpoint inhibitors. This feature is shared by other activated B cells including: CD11c+ activated naïve and DN2 cells, atypical and tissue-based memory cells, and T-bet+ B cells (15, 95, 108–111). Nevertheless, despite the preponderance of evidence for the activated phenotype of CD21low B cells within the naïve compartment and in particular in autoimmune diseases such as SLE, CD27– CD21low B cells have also been characterized as anergic B cells in a fraction of patients with RA and CVID (112). As previously discussed however for CD23, these studies focused on cells defined as CD27– CD21low without consideration of IgD expression and accordingly, they would have also included isotype-switched CD27– cells with hypo-responsiveness to anti-IgM stimulation (41, 93). One additional caveat that must be made in regards to CD21low B cells, is that although low in frequency, early transitional B cell populations (e.g., T1 B cells) may also be CD21low which can be isolated utilizing CD38, CD24, and/or CD10 (65).



Memory B Cells (M; Canonical Phenotype: CD19+, CD27+, CD38+/–, CD24+/–)

There is fairly universal consensus that human memory cells can be defined through the expression of CD19 and CD27 although CD19+ CD27+ blood cells also include antibody-secreting PB. In turn, M B cells and PB can be effectively differentiated with the core flow panel on the basis of CD38 expression. Thus, while M cells express intermediate to low levels of CD38 (Bm5 and Bm5' subsets, respectively, under the Bm classification), PB are CD38hi at levels that readily separate from memory cells. Also useful for this differentiation is the lack of expression of CD20 on most PB as further discussed below.

The assignation of a memory phenotype to circulating CD27+ B cells is based on the observation that, like germinal center cells which initiate CD27 upregulation (24, 113, 114), these cells accumulate significant rates of somatic hypermutation (14, 16, 17, 113, 115). Moreover, CD27+ B cells represent the main source of recall responses (49, 109, 116, 117). Finally, CD27+ B cells are endowed with enhanced differentiation into ASC and a distinct transcriptional program (118, 119).

Several memory subsets have been reported that can be identified with core markers (43, 120, 121). The first critical distinction separates IgD+ CD27+ and IgD– CD27+ cells. The IgD+ subset contains both IgM+ (CD27+ IgDlo IgM++; unswitched memory cells), and IgM-negative cells (IgD–only switched memory cells). Whereas, IgD– CD27+ cells comprise both IgM-only (pre-switch memory cells) and IgG, IgA, or IgE expressing cells (switched memory) (16, 17, 122–124). The unswitched nature of the IgD+ IgM+ populations and their separate origin relative to pre-switch memory, is consistent with the generation of the former subset in CD40L-deficient hyper-IgM patients unable to receive T cell help or form germinal centers and undergo class switch (although the potential for class-switching remains under normal conditions) (125). In turn, a pre-switched state capable of undergoing subsequent class switch has been suggested for IgM-only CD27+ memory cells (18, 126). It seems likely that IgM-only pre-switch cells represent the human counterpart of murine IgM memory cells generated in the early phases of the GC reaction that serve as a substrate for affinity matured isotype-switched cells during subsequent rounds of GC reactions (18, 117, 127). In contrast, despite lack of universal consensus (121), there is substantial evidence to indicate that IgD+ IgM+ unswitched memory cells may represent circulating marginal zone B cells (13, 84). Other studies however have proposed a GC origin for these cells on the basis of their mutational Bcl6 pattern (117). These observations taken together, lead us to propose that when IgM is available within an extended panel, memory B cell populations be further separated on the basis of both IgM and IgD expression as they represent distinct memory pools. Finally, IgD+ IgM–, CD27+ switched memory cells constitute a unique compartment representing a small but distinct fraction whose biology needs further clarification. Interestingly, IgD-only memory cells are characterized by an unusually large load of somatic hypermutation and may represent the origin of, heavily mutated IgD+ multiple myeloma (also uncommon) (128). While these cells appear to be enriched for autoreactivity (129, 130), their role in physiological and pathological conditions remains to be fully elucidated. Recent work however suggests that they may mediate important antimicrobial responses in the respiratory mucosa by arming basophils with IgD antibodies. In turn, faulty regulation of this mechanism could lead to the development of auto-inflammatory syndromes (131).

As for naïve B cells, resting and activated subpopulations can be identified through the use of markers included in the core and ancillary panels. Thus, constitutive expression of CD21 is maintained in resting memory cells and lost upon activation as illustrated by substantial increases of CD21lo CD27+ memory cells in HIV infection (108, 132, 133), influenza recall responses (106), and in patients with SLE and RA (110, 121, 134–136). Activated memory cells also upregulate CD95, CD80, and CD86 but as previously indicated, the correlation between these markers with CD21 downregulation is incomplete and accordingly, the same set of markers should be employed to establish changes in memory cell activation between samples (80, 110, 134, 137). Finally, upregulation of CD71 appears to be a helpful marker of early activation in proliferative antigen-specific memory cells and new germinal center products that differentiate into antibody-secreting PB (49, 106).



Atypical and Tissue-Based Memory B Cells (Canonical Phenotype: Double Negative, DN: CD19+, IgD–, CD27–, CD38+/–, CD24+/–)

SLE is characterized by large departures from normal immunological homeostasis that are commonly reflected in the peripheral blood. This behavior has facilitated the identification of distinct populations that under normal circumstances are under-represented in the blood, including a canonical subset characterized by the absence of both naïve (IgD) and conventional memory markers (CD27), termed double negative B cells (DN). Typically representing <10% of all PBL CD19+ cells, DN cells can contribute in excess of 40% of all B cells in active SLE and may become the largest circulating population of isotype switched IgD– cells (23, 41, 136) (Figures 2A,D). Distinguished by a CD19high activated phenotype, SLE DN cell expansion has been associated with: active disease, African-American descent, adverse clinical outcomes, and poor response to B cell depletion therapy (23, 41, 135). More recent work discussed below, has established their identify as activated effector ASC precursors enriched for SLE-associated autoreactivity (23, 41, 85).

While containing a relatively small fraction of IgM+ cells, DN cells are largely IgG+ or IgA+ and display a significant degree of somatic hypermutation albeit at a lower level than CD27+ memory cells. Although direct assignments are complicated by the omission of IgD staining in many studies, DN cells are also commonly expanded in patients with chronic HIV viremia and malaria infection (44, 108, 138, 139).

Overall, DN cells in different conditions are enriched in cells with an extended phenotype that includes: CD19hi; CD21lo; CD38+/–; CD24+/–; CD23–; FcRL5+; CD11c++; T-bet++. However, a notable difference between DN cells in SLE relative to HIV infection resides in the absence of FcRL4 in SLE (23, 41) (Figure 2E). The inhibitory FcRL4 receptor is a key phenotypic and functional feature of tissue-based memory cells, a population best defined in mucosal tissues that represented the first example of so-called atypical memory cells (26, 45). From a functional standpoint, the ability of FcRL4 to dampen B cell receptor signaling may account for the inhibited or exhausted function of DN cells reported in chronic HIV infection (93). Their ultimate functional properties however, are likely to be complex and context-dependent as both in these infections and in SLE, DN cells are characterized by high expression of multiple inhibitory receptors including CD32b, CD72, CD22, and PD-1 (138) and at least in HIV, of the inhibitory CD85j (132). Yet, despite the expression of FcRL4, CD85jhi DN cells appear to be activated and comprise the majority of the anti-gp140-specific responses in the early phases (<3 months) of acute HIV infection. However, their relationship with the also CD21lo DN cells previously considered an unproductive repository in chronic HIV infection remains to be clarified (44, 108). Further suggesting that atypical memory cells can be functionally productive in certain settings, FcRL5+ cells with atypical memory markers can be generated through immunization and generate strong recall responses in malaria infection (140). Recent work indicates that the activation of DN cells in SLE may result not only from absence of FcRL4 but also from a more generalized defect in the function of inhibitory receptors and overall hyperresponsiveness to TLR stimulation (41).

Additional heterogeneity within the DN population has been recently established in SLE, where these cells comprise two major subsets on the basis of expression of CXCR5, CD21, and CD11c (41, 95) (Figure 3A). Thus, DN1 cells, representing the large majority of DN cells in healthy subjects and quiescent SLE, express a CXCR5+ CD21+ CD11c– phenotype. In contrast, DN2 cells representing the majority of expanded DN cells in active SLE, display a CXCR5– CD21– CD11c++ phenotype. Notably, DN2 cells also express FcRL5 and this marker can substitute for CD11c in their phenotypic characterization within the appropriate context of other markers. Immunologic, repertoire, and transcriptional characterization of DN1 and DN2 cells suggest that the former subset may represent early activated memory cells (41). Whereas, DN2 cells would represent a primed ASC precursor derived from newly activated naïve cells (which share essentially the same phenotype, with the exception of IgD expression), through an extra-follicular differentiation pathway; a fate consistent with that of CD11c+ extrafollicular plasmablasts in T-independent responses (41, 85, 141).

Currently, atypical memory and tissue-based memory nomenclature appears to be used in the literature interchangeably. Based on the evolving understanding of the different but overlapping populations comprised under these labels, we recommend the use of DN to denote a canonical population that is distinct from conventional naïve and memory cells on the basis of the defining core markers IgD and CD27. We would further advise the recognition of DN1 and DN2 cells based on the relative expression of CD21 or CXCR5 (which largely overlap) and CD11c or FcRL5. We also posit that the atypical memory definition may be unnecessary and possibly misleading, at least for patients with autoimmune diseases, as in such diseases these populations are largely comprised of non-memory cells but rather of activated DN2 effector cells generated through extrafollicular activation. Moreover, these populations are not atypical, but rather part of normal immune responses. We finally recommend that, if so desired, and as indicated by the specific condition under study, the terms atypical memory and/or tissue-based memory be reserved for DN cells with a FcRL4+ phenotype. Finally, we advise against classifying these populations on the basis of a CD27– CD21– phenotype in the absence of IgD staining as such cells would also include IgD+ activated naïve cells. Given the functional uncertainty and implications in different immunological conditions we would argue against attaching additional functional properties, including “exhaustion” or “inhibited,” on the basis of these surface phenotypes alone.



The Conundrum of Human ABCs and Other Non-discreet Subsets Including T-bet+ and CD21low B Cells

Over the last few years, an interesting population of T-bet+ CD11c+ B cells has gained prominence in mice and by extension, in humans (61, 142–145). Initially described as Age-Associated B cells (ABC) on the basis of their prominence in aging mice, ABC expansions were then identified in younger animals in different autoimmune mouse models and demonstrated to be critical for viral clearance and autoimmune disease. Mouse ABC are TLR-7-driven and differentiate in response to IFNγ and IL-21 stimulation, a differentiation fate that is counteracted by IL-4 (140, 146, 147). More recently, similar populations (including the DN2 cells previously discussed), have been reported in humans and often lumped together as ABC despite growing evidence for the presence of a high degree of heterogeneity within these populations (95, 111, 132, 142). Thus, ABC and “ABC-like” phenotypes have been ascribed, often owing to the expression of one or more ABC markers (preferentially CD21, CD11c, or T-bet), to CD27+ memory cells with a number of studies proposing that human ABCs are predominantly of a CD27+ memory phenotype (108, 109, 111, 148). However, ABC-like populations have also been reported within atypical, tissue-based memory cells (132, 138). This confusion stems largely from the use of different markers to define ABC and in particular, from an over-emphasis on the significance of CD21 downregulation as an indicator of distinct B cell subsets beyond their activation status (Table 1). Indeed, the existing evidence supports the notion that both T-bet and CD11c upregulation as well as, and often times concurrently, CD21 downregulation, does occur in multiple B cell subsets under some activation conditions and does not by itself identify a specific B cell lineage or distinct population (Figure 3). In addition, the concentration of ABC within a given compartment may depend on the pre-determined study in some cases of only some B cell compartments and of the specific subjects and clinical situations studied. For example, it stands to reason that studies of memory recall responses would identify ABC-like cells predominantly within the responding memory cells that expand after immunization (109). Our own results provide some insight into the pattern of expression of T-bet and other associated ABC markers including CD11c, CD21, and FcRL5. In particular, studies in SLE, a condition that uniquely combines strong, simultaneous activation of both new naïve B cells and pre-existing memory cells, indicates that the majority of T-bet++, CD11c++, CXCR5–, CD21lo cells (all ABC-associated markers) reside within activated IgD+ naïve and IgD/CD27– DN2 cells with a smaller fraction of CD21lo cells with intermediate levels of expression of T-bet and CD11c, identified within the CD27+ memory population and in particular within the CD21lo activated memory subset (Figure 3B) (41, 42). Notably, in vitro stimulation of naïve, DN cells, and memory cells under conditions known to induce mouse ABC (TLR7, IFNγ, and IL-21), strongly induce a CD19++, CD21lo, CD11c++, T-bet++, FcRL5+ phenotype that closely parallels the in vivo phenotype of activated naïve and DN2 cells (41, 95, 140) (Figures 3C–E).

In all, we postulate that the limited use of either CD21, T-bet or CD11c expression is inadequate to identify ABC or other distinct human B cell populations and that the present ABC assignment non-specifically integrates multiple B cell populations. This contention is further supported by recent evidence indicating that multilineage effector B cells can derive from T-bet+ memory precursors (149). A unifying view of the available evidence in humans supports the concept that ABC-like cells represent activated effector B cells induced by TLR7 and driven by IL-21 and IFNγ produced by TFH cells in Th1-type responses within multiple and possibly, all B cell populations (41, 61, 95, 146, 147, 150). Whether the expression of the defining T-bet program or other transcriptional programs determines a distinct lineage or B cell differentiation fate beyond B cell activation and IgG1/IgG3 class switch remains to be determined (146, 151, 152). Given that the expansion of these cells appears to be age-independent in humans (41), we believe that there is no strong rationale nor biological basis for this designation in human B cells.



Antibody-Secreting Cells (ASC: Canonical Phenotype: CD19+/–, IgD–, CD27++, CD38++, CD24–)

Antibody-Secreting cells (ASC), encompass both proliferative cells (plasmablasts; PB), at different stages of differentiation from either naïve or memory cells as well as resting, mature plasma cells (PC). The ultimate classification of ASC as either PB or PC varies in the literature with some authors basing this adjudication on proliferative status (typically on the basis of Ki-67 expression), while others rely on the expression of CD138 to enumerate mature PC. BLIMP-1, IRF4, and XBP1 are the traditional transcription factors important for ASC differentiation (153–160). While it seems clear that CD138 expression identifies more mature PC and is globally expressed by bone marrow-long lived PC, it has also become evident that CD138 is expressed by a fraction of circulating, proliferative PC both in response to immunization as well as in active SLE (85, 161–164) (Figures 4A–D). Moreover, CD138 can be induced by in vitro stimulation of blood memory cells, thereby indicating that the expression of this marker is not restricted to fully differentiated, mature, resting PC (162, 164–166). As shown in Figures 4B,E, during active immune responses, including active SLE, proliferative CD138+ cells can account for a large fraction of all circulating ASC. By and large, the expression of Ki-67 overlaps with the expression of HLA-DR antigens and the latter therefore represents a useful surrogate for recently formed proliferative PB (161), obviating the need for intracellular staining. For the purpose of this review, we will focus on peripheral blood ASC subsets.
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FIGURE 4. Phenotypic analysis of antibody secreting cells (ASCs). (A) Representative FACS gating strategy (from an SLE patient) for discerning both CD19+ and CD19– ASCs populations from the blood. Utilizing CD3 and CD14 as “dump” channel markers CD19+ and CD19– (non-T cells, non-monocytes) B cell populations can be extracted from the data. Subgating on the IgD- fraction and utilizing CD138 vs. CD38 allows for the breakdown of ASC populations into five fractions: Pop1, CD19+ CD38mid CD138–; Pop2, CD19+ CD38hi CD138–; Pop3, CD19+ CD38hi CD138+; Pop4, CD19– CD38hi CD138–; Pop5, CD19– CD38hi CD138+. (B) Morphological and further phenotypic alterations in circulating ASC populations in (A) as compared to circulating naïve B cells, revealing plasmablast/plasma cell programming with high BLIMP-1, CD20lo/–, sIglo, and CD27++ expression, with the association of HLA-DR and Ki-67 positivity. (C) Gating strategy of an SLE patient revealing a sizeable presence of CD19+ IgD– CD27– CD38hi CD24– pre-PB B cells. (D) FLOCK analysis of a healthy donor 6 days post vaccination exhibiting CD38mid pre-PB, CD138– plasmablasts (PB), and CD138+ plasma cells (PC) on a CD27 vs. CD38 dot plot. In circulating ASCs Ki-67 was representative of both CD138– PB and CD138+ PC, whereas pre-PB are Ki-67+ without the CD138 expression. Pre-PB show an enrichment for BLIMP-1 expression while simultaneously expressing Pax5, signifying a transitional state toward an ASC fate. (E) CD138 vs. Ki-67 plot in subgated circulating and bone marrow ASCs representing the differences in proliferation status, with bone marrow ASCs exhibiting little Ki-67 expression. This dichotomy likely signifies newly generated vs. resident PC populations.


All peripheral human ASC (including those in lymphoid tissues and bone marrow), share high expression levels of CD38 and accordingly, this marker is critical for their identification (163, 167–170). Other human CD19+ B cells with high expression levels of CD38 include transitional cells which express IgD and CD24 and germinal center cells, which are usually absent in the blood. Although IgD+ ASC have been previously described, only a small fraction express BLIMP-1 and are rarely found in the periphery (131, 171, 172). Hence, all circulating ASC can be identified using the core markers under a CD19+, IgD–, CD38++ phenotype (Figure 4A). Human ASC also express high levels of CD27 and down-regulate CD20 expression. Of note, core markers also identify an additional population of proliferative IgD– CD38+/++ CD24– cells expressing low levels of CD27 (Figure 4A). Initially thought to be restricted to the human tonsil (169), circulating pre-PB have also been identified using automated multidimensional analysis of human vaccine responses where it behaves with a kinetics similar to conventional PB responses (163). These cells upregulate BLIMP-1 expression while maintaining expression of the B cell transcription factor Pax5 and are therefore, likely to represent PB precursors (pre-PB) (162). Of note, a significant fraction of pre-PB (up to 40%; Figures 4C,D), maintain expression of CD20 and accordingly, would be missed using a CD20– gate (162).

Finally, recent work has clearly identified populations of ASC lacking CD19 expression, a feature known to define terminally differentiated bone marrow plasma cells including multiple myeloma PC (173). However, in healthy subjects, CD19– PC are heterogenous and contain both CD138– and CD138+ cells with the latter fraction representing the source of human long-lived PC (40). CD19– PC can also be identified in the human blood in response to immunization and can be generated in culture (162, 164, 166).



B Regulatory Cells (Breg; No Specific Canonical Phenotype)

B regulatory cells (Breg), can be best defined as cells with the ability to inhibit pro-inflammatory monocytes and T cell responses although multiple other cellular targets have also been proposed, including plasmacytoid dendritic cells and anti-tumor cytotoxic T cells (48, 174). Following early descriptions for a central role of IL-10-producing Breg cells in the suppression of autoimmune diseases (175), multiple other cytokines including TGFβ and IL-35 as well as other mediators have been reported (48, 176). In addition Bregs can also suppress autoimmunity through the modulation of regulatory iNKT cells through CD1d-mediated lipid presentation (177). Intriguingly, CD1d Bregs were found in one study to be deficient in SLE and their expansion post-BCDT to correlate with favorable clinical response to rituximab (177). While CD1d+ Bregs concentrate within the CD24++ CD38++ transitional B cells proposed to represent a major IL-10-producing Breg human population (178), this study did not address the production of this cytokine.

From a phenotypic standpoint, Breg function has been identified within multiple human B cell populations including: CD38++C24++ transitional cells, naïve B cells, CD27+CD24high memory cells including B10 cells, CD27+ CD1d+ (marginal zone-like) memory cells, CD27+ CD5high PD-1high memory cells, and a TIM-1+ population with heterogeneous expression of CD27, CD24, CD38, CD1d and CD5 (48, 174, 178–186). Yet, even within those populations, Bregs may account for <20% of B cells and thus, overall, they represent a small fraction of human B cells (48, 184). Currently, no set of surface phenotypic markers can identify Bregs and we agree therefore, with the expert recommendation that an accurate enumeration of Bregs, short of the ideal functional characterization, should rest on measurements of cytokine production at the single cell level by intracellular staining of regulatory cytokines such as IL-10 and IL-35 (48, 184). Substantial experimental evidence indicates that such measurements require in vitro short-term stimulation to reveal either cells containing pre-formed cytokines or longer stimulation to identify Breg precursors (B10 and pre-B10, respectively, for IL-10-producing Breg) (181, 184).

Finally, a number of studies have identified regulatory PB and PC whose function is mediated through either IL-10 or IL-35 and whose phenotype may include expression of PD-L1 and IgA (187–190). Regulatory PC appear to play an important role in autoimmune diseases and cancer immune responses where they may promote tumor progression (191).




CONCLUDING REMARKS

As our understanding of human B cell biology expands and new novel populations are discovered, it is critical to not lose sight of the need for phenotypic standardization. This all-important feature to experimental design will not only allow for the inter-laboratory interpretability but place the field of B cell immunology in a position to bound forward with limited hindrance on progress. Within this review we have offered a suggestion of standardizing B cell phenotyping with a core stain of seven surface markers, and also given strong support for the expandability of subgating beyond these core markers in a variety of B cell populations. Additionally, we raise the need for awareness that not all current surface antigens being utilized for B cell subgating strategies are likely sufficient to conclusively prove the existence of independent functional populations. Taken together we hope that this review may serve as a reference for future experimental designs and a springboard for phenotypic B cell normalization.
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CD molecules are surface molecules expressed on cells of the immune system that play key roles in immune cell-cell communication and sensing the microenvironment. These molecules are essential markers for the identification and isolation of leukocytes and lymphocyte subsets. Here, we present the results of the first phase of the CD Maps study, mapping the expression of CD1–CD100 (n = 110) on 47 immune cell subsets from blood, thymus, and tonsil using an eight-color standardized EuroFlow approach and quantification of expression. The resulting dataset included median antibody binding capacities (ABCs) and percentage of positivity for all markers on all subsets and was developed into an interactive CD Maps web resource. Using the resource, we examined differentially expressed proteins between granulocyte, monocyte, and dendritic cell subsets, and profiled dynamic expression of markers during thymocyte differentiation, T-cell maturation, and between functionally distinct B-cell subset clusters. The CD Maps resource will serve as a benchmark of antibody reactivities ensuring improved reproducibility of flow cytometry-based research. Moreover, it will provide a full picture of the surfaceome of human immune cells and serves as a useful platform to increase our understanding of leukocyte biology, as well as to facilitate the identification of new biomarkers and therapeutic targets of immunological and hematological diseases.
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INTRODUCTION

Leukocytes display on their surface molecules that are crucial for sensing hazardous environmental changes and mediating cell adhesion and communication between cells both within the immune system and with stroma. These include receptors, transporters, channels, cell-adhesion proteins, and enzymes. The complexity of surface-expressed proteins, also called the surfaceome, is emphasized by the fact that an estimated 26% of human genes encode transmembrane proteins (~5,500) (1). However, recent in silico evaluations predict that 2,886 proteins are actually expressed at the outer cell membrane, i.e., the cell surface (2). Experimental evidence exists for ~1,492 proteins across multiple tissues (3) and 1,015 proteins that are expressed in one or more immune cell type and lymphoid tissue (4).

Over the past four decades, a vast array of cell surface molecules has been discovered through the production of monoclonal antibodies (mAbs) (5). These mAbs, together with the development of multicolor flow cytometric analysis (6), have been instrumental to determine their expression and function. Human leukocyte differentiation antigen (HLDA) workshops have led to the characterization and formal designation of more than 400 surface molecules (7, 8), known as CD molecules (www.hcdm.org). CD nomenclature provides a unified designation system for mAbs, as well as for the cell surface molecules that they recognize. These molecules include receptors, adhesion molecules, membrane-bound enzymes, and glycans that play multiple roles in leukocyte development, activation, and differentiation. CD molecules are routinely used as cell markers, allowing the identification of the presence and proportions of specific leukocyte cell populations and lymphocyte subsets, and their isolation, using combinations of fluorochrome-labeled antibodies and flow cytometry. Importantly, analysis of CD molecules, known as immunophenotyping, is a fundamental component for the diagnosis, classification, and follow-up of hematological malignancies and immunodeficiencies, and the monitoring of immune system disorders such as autoimmune diseases. More recently, mAbs recognizing CD molecules have been established as invaluable tools for the treatment of cancer, such as checkpoint inhibitors (9), and autoimmune diseases (10). Development and testing of such therapeutics rely on accurate knowledge expression and function of the target molecule as has been negatively illustrated by the disaster in the Phase I TGN1412 study with an anti-CD28 superagonist (11).

Currently, there are extensive gaps in our knowledge of CD molecule expression patterns, mainly because of the discordancy in the setup of the expression studies and the major changes in flow cytometry technology over the last 30 years (12). As a result, there has been overinterpretation in summarizing tables, which can be misleading. Thus, there is an urgent need to construct a higher resolution and accurate map of the expression profiles of the CD molecules to visualize the surface of leukocyte landscape. Moreover, an important part of the bibliography is incorrect and often misleading.

To correct current misinterpretation and to overcome gaps in knowledge, the HCDM has initiated the CD Maps project, a multi-institute research program to generate a high-resolution map of the cell surface of human immune cells using standardized multicolor flow cytometry protocols. Here, we present the results of the first phase of the CD Maps study, which includes the expression signature of CD1–CD100 on 47 cell populations and subsets, 41 of which were non-overlapping. The data have been acquired across four expert flow cytometry laboratories to ensure reproducibility and have been built into an online web resource with free user access. Expression profiling of CD markers across immune cell subsets revealed dynamic changes in expression levels and hints at further immune cell diversity for markers that were expressed on a fraction of defined populations. These insights can prove critical for development of therapeutics targeting dysregulated immune responses or malignant cells.



MATERIALS AND METHODS


Human Tissue Samples

The use of human pediatric tissue and adult buffy coats was approved by the Human Ethics Committees of the Erasmus Medical Center, the University Hospital Motol, and the universities of Salamanca and Barcelona, and was contingent on informed consent in accordance with the Declaration of Helsinki. Thymus material was obtained from 12 children requiring surgery for congenital heart disease. These children did not have hematologic or immunologic diseases. Non-necrotizing tonsil tissue was obtained from seven donors, including two adults (32 and 34 years) and five children (4–8 years) who underwent scheduled tonsillectomy. Blood buffy coats of 12 healthy adult volunteer donors were obtained from the local blood banks.



Single Cell Isolation and Preparation

The blood leukocyte isolation protocol was optimized to minimize platelet adhesion (satellitism). Briefly, the buffy coat suspension was diluted 6 × in PBS containing 2 mM EDTA, followed by adding 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 prior to collecting the supernatant containing the leukocytes. Following a spin (130 g, 15 min, RT) and removal of the supernatant, the residual erythrocytes in the pellet were lysed using hypotonic lysis with a 0.2% NaCl solution for 55 s, followed by supplementation of 1.2% NaCl to achieve an isotonic concentration of NaCl. Following addition of PBS and a spin (130 g, 15 min, RT), the lysis step was repeated. Finally, the suspension of leukocytes was washed and diluted with PBS/BSA (PBS with 0.5% BSA and 0.09% NaN3) to a final concentration of 4 × 107/ml.

Thymocytes and tonsillar lymphocytes were isolated via gentle shaking from manually dissociated thymus and tonsil tissue, respectively, washed with RPMI 1640 with 25 mM HEPES, L-glutamine, 100 U/ml penicillin, and 100 mg/ml streptomycin (Lonza, Basel, Switzerland) supplemented with 10% (v/v) heat-inactivated fetal bovine serum (FBS, Thermo Fisher Scientific, Rockford, IL). Single-cell suspensions were either directly used for immunophenotyping, or stored in FBS with 10% DMSO in liquid nitrogen for analysis at a later stage. Live frozen cells were thawed by dropwise addition of 1 ml FBS, followed by addition of 8 ml of medium. Cells were washed twice, counted, washed, and diluted with PBS/BSA (PBS with 0.5% BSA and 0.09% NaN3) to a final concentration of 1.25 × 107/ml. Whenever frozen and thawed thymocytes were used, we observed a marked decrease of proportion of double-positive stage thymocytes, but their phenotype was similar to the fresh thymocytes.



Staining of Cells With Antibodies for Immunophenotyping

Cells were stained in V-bottom 96-well plates in a total suspension volume of 50 μl. First, one of each of the PE-labeled mAbs to CD1–CD100 were added to each well (details of each marker are provided in Supplementary Table 2). The amounts were according to the manufacturer's recommended titer and topped up to 10 μl with PBS/BSA. Subsequently, 40 μl of cell suspension (1.6 × 106 cells for buffy coats, 5 × 105 cells for thymus or tonsil) was added to each well. Following careful mixing, the suspensions were incubated for 30 min at room temperature in the dark. Next, 25 μl of backbone mAb reagent mix was added to each well, carefully mixed, and incubated again for 30 min (RT, in the dark). Four Ab backbone cocktails were prepared (two for blood, one for thymus, and one for tonsil), and the reagents were titrated beforehand (details provided in Supplementary Table 1). The cells were washed three times (8 min, 500 g, RT) in PBS/BSA and resuspended in 200 μl of PBS with 2 mM EDTA for acquisition. A detailed CD Maps standard operating protocol can be downloaded from www.hcdm.org. Although we aimed for the complete set of CD1–CD100 markers, we were limited to the 110 that were commercially available and that were not of the IgM isotype. The following CD markers were not included: (a) mAbs with IgM isotype against carbohydrate antigens that were not available as PE-conjugates: CDw12, CD15u, CD15s, CD15su, CD17, CD60a, CD60b, CD60c, CD65, CD65s, CD75, and CD75s; (b) mAbs that were validated by the HLDA workshops, but that were not commercially obtainable: CD1c, CD66a, CD66d, CD66e, CD66f, CD85a, CD92, and CD94. Furthermore, several CD markers were present as backbone markers in our panels potentially interfering with the PE staining. To mitigate the blocking effect on the PE-reagent, we (a) used a different clone known to bind a distinct epitope (e.g., CD16, CD45), and where no clone with a distinct epitope was available, we (b) incubated the cells first with the PE-conjugate for 15 min, prior to addition of the backbone cocktail. When the backbone marker was impacted, the gating strategy was manually adjusted using the PE-conjugated marker. The CD1–CD100 markers were assessed with commercially available reagents from three different vendors and used at vendor-recommended titers. Some reagents exhibited higher background staining than others, which is probably due to these having a lower antigen affinity and were therefore used at higher concentration. This could explain why the expression levels (MFI) for some CD markers were above that of the FMO in a subset that is known not to express it. Finally, some subsets (particularly myeloid cells and cells from tonsil) exhibited high background autofluorescence and some degree of non-specific binding (13).



Flow Cytometer Instrument Setup

Data acquisition was performed on four different sites on LSR II, LSR Fortessa, and FACS Canto instruments (BD Biosciences, San Jose, CA, USA) equipped with 405-nm, 488-nm, and 633/647-nm excitation lasers and an HTS loader. Cytometer Setup and Tracking (CS&T) beads (BD Biosciences) and 8-peak Rainbow bead calibration particles (Spherotech, Lake Forest, IL, USA) were used for PMT voltages and light scatter setup to achieve inter-laboratory standardization as developed by the EuroFlow consortium (14). Each panel was applied on a total of 12 donors, and 1 million events were acquired per staining (well). The EuroFlow Standard Operating Procedure (SOP) for Instrument Setup and Compensation can be downloaded from www.euroflow.org. Three out of four laboratories participate in the EuroFlow Quality Assessment scheme that investigates the MFI of selected cell subsets (15). The same concept was adopted to test the performance of the four laboratories on a testing cohort of three local donors using four reagents (CD8, CD21, CD25, and CD28) representing different staining intensities.



Conversion of PE Fluorescence Intensity to Antibody Binding Capacity (ABC)

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/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.

PE-conjugation of mAbs is quite consistent with a 1:1 ratio of fluorochrome:antibody. To test and correct for any deviations, we have measured and calculated a correction factor reflecting the amount of PE for each antibody (correction factors were in the range 0.73–1.32, mean – 1 SD to mean + 1 SD). A volume of 25 μl of UltraComp eBeads™ Compensation Beads (Thermo Fischer Scientific) was diluted with 15 μl of PBS/BSA, mixed with excess of tested PE-labeled antibody and incubated for 30 min, RT, in the dark. Compensation Beads were washed twice in PBS/BSA (8 min, 500 g, RT), resuspended in 70 μl of PBS with 2 mM EDTA, and analyzed by flow cytometry. All 116 mAbs were measured, and for each mAb, a ratio of individual median PE/(median of all medians) was calculated as a correction factor. A standard deviation of the correction factor was 0.3; a total of 26 mAbs (25%) of all mAbs yielded a correction factor above or below 1 standard deviation; thus, for mAbs with a correction factor <0.7 or above 1.3, the measurement was repeated to exclude any outliers. The average of all correction factor values (after exclusion of outliers) was used to recalculate the ABC for all 111 CD markers on all 47 defined subsets.



Analysis, Gating, and Export of Values

Leukocyte and lymphocyte subsets to be analyzed were pre-defined (Supplementary Figures 1–4), and all acquisitions for each of the four panels were gated by a single laboratory using FlowJo (version 9 or 10) or Infinicyt software. From each defined subset, the following set of statistics was extracted for the PE channel: median, mean, mode, CV, 10th, 25th, 50th (median), 75th, 90th percentile (Supplementary Figure 5). Furthermore, a gate was set to define the percentage of positive events, using the fluorescence minus one (FMO) staining as a negative control. The minimum cell count for statistical evaluation was set to 100, and subsets with lower cell counts were omitted from further analysis. Samples with <500,000 events in the leukocyte gate (CD45+) or samples with an apparent shift in CD45 expression with time during acquisition (indicative of clogging) were not used for analysis (manually curated).

The conversion from PE fluorescence to target molecule number (ABC unit) was performed as described above using the “define calibration” function in either the FlowJo or Infinicyt software packages. Descriptive statistics obtained from these software programs were exported for all defined subsets into one delimited flat table text file per tube. To these tables, additional information on material source, antibody characteristics, experiment details, etc. were added, as well as uniform cell subset identifiers: short machine friendly names, longer descriptive names.



Data Import and Pre-processing

All subsequent work was carried out in R Development Core Team (16). All used R packages are listed and references are provided in Supplementary Table 4. Data were imported into the R environment using standard import functions, converting data to R objects. Each of the four data flat tables from the four tubes was processed separately. After checks for duplicated data entries, these were converted into matrix-like formats and previously calculated median correction factors were applied. Sample wise centrality measures (means and medians) were calculated and data were converted from wide to long format for easier subsequent computation. Dictionaries of cell subset and statistics-related terms were built and combined from all sources. The processed and combined data were stored in binary format and were cleaned (all non-positive values were converted to the value one), a correction factor was applied, and group-based centrality statistics (mean and median) were calculated.



Distribution of Frequency of PE-Positive Cells

Sigmoidal fit and separation of markers into positive, intermediate, and negative groups on a per-cell subset basis was performed using R package sicegar (17). Simple sigmoidal fit was performed by logistic function
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where PE(cds) is the percentage of PE-positive cells, given as a function of sequence of CD markers cds. The CD markers are ordered based on rising median percentage of PE-positive cells. There are three parameters to be fitted: PEmax—maximum percentage of PE-positive cells, cdsmid—midpoint as half of maximum, and a1. The a1 parameter is related to the slope of PE(cds) at cds = cdsmid via the formula.
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Distribution of Median Fluorescence Intensity

Modeling of a turning point in a sequence of rising median fluorescence intensity per cell subset was done using Menger curvature adapted from Christopoulos (18).

The Menger curvature for y = f(x) at (xi, yi) is:
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where
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And the convex turning point at section of the curve is:
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Hierarchical Clustering Analysis

For hierarchical clustering analysis (HCA), the pheatmap R package (https://github.com/raivokolde/pheatmap) was used. Per cell subset, median Qb values were log10 transformed after minimum median Qb values were raised above zero. Observations with missing values and FMO controls were removed and data were z-score scaled. For HCA, the Euclidean distance and Ward linkage (ward.D2) were used (19).



Generation and Utilities of a Dynamic Web Resource

To share CD Maps data as a resource with a user-friendly interface, an application with web page front-end was written in R using the R package Shiny. Shiny allows background computations in R serving results to a web-based front-end and uses a reactive programming paradigm. Reactive programming allows for dynamic user-directed content generation and therefore interactive data exploration and analysis. For enhanced user interactivity, several R packages were used that facilitate access to JavaScript libraries (e.g., d3heatmap, htmlwidgets). The resulting web page includes general CD Maps information, as well as several angles from which to interrogate CD Maps data (www.hcdm.org; Figure 1).


[image: Figure 1]
FIGURE 1. Overview of the CD Maps web resource available at hcdm.org. (A) The user interface allows for interactive data interrogations. The resource uses several scenarios for data exploration and allows for data download, bookmarking of analysis state, and image export. Analysis examples: (B) paired analysis of CD marker expression on cell subsets, e.g., in a differentiation setting. (C) Visualization of expression of multiple CD markers including a measure of variation for a single subset. (D) Analysis and visualization of statistically differentially expressed CD markers between two subsets or two groups of cell subsets.


An example is the interrogation feature “What are protein levels of selected CD markers on selected sequence of cell subsets?” For this scenario, the user is able to select CD markers and a sequence of cell subsets to visualize expression in multiple subsets using a dot-line plot. The sequence of cell subsets is based on the order in which these have been selected, and the values on the y axis are by default the median ABC values from all biological repeats. The variable displayed on the y axis can be exchanged by the user for any of the available cell subset statistics. As the graph is also a dot plot, the size of the dots can be used to visualize an additional quantitative parameter per cell subset and can be selected by the user (e.g., percentage of PE-positive cells). The line plot uses unique colors for each selected CD marker. Besides the graph itself, the application also dynamically generates figure captions. Finally, the application also allows the user to “bookmark” the state selected settings in the application for later follow-up analysis. In conclusion, the web resource functions are based on the principle that the user specifies details for data interrogation within given scenario boundaries, and such details are sent to the web server, where R is used to compute and prepare outputs, and those outputs are sent back in real time to user, giving a smooth, dynamic, and interactive feeling to the user.



Reproducibility and Version Control

Reproducibility and version control of data processing and application development throughout the project were achieved using GIT versioning software (https://git-scm.com/) RStudio IDE (RStudio, Inc., Boston, MA, USA) and Bitbucket repository (Atlassian, Sydney, Australia). Deployment is facilitated via Docker virtualization (https://www.docker.com/, Docker, Inc., San Francisco, CA, USA).




RESULTS


Generation of a Web Resource for Expression Profiling of CD1–CD100 on Major Immune Cell Lineages and Their Subsets

To investigate the expression levels on major leukocytes, subsets of the first surface molecules that had been defined in the 1980s and early 1990s with CD markers 1–100 (20–24), we developed a multicolor immune phenotyping panel consisting of four tubes: (A) innate and (B) adaptive immune cells from blood (25, 26), (C) B-cell subsets from tonsil (27, 28), and (D) T-cell progenitors in thymus (29, 30) (Supplementary Table 1). One channel was reserved for a PE-labeled drop-in mAb directed against one of the CD1–CD100 antigens (Supplementary Table 2). Twelve biological repeats were acquired, and after curation (detailed SOP in Supplementary Data Sheet 1), expression analysis was performed on nine biological repeats for tube A, 11 for B, 7 for C, and 5 for D. Multiple descriptors of CD marker expression were defined for each gated cell subsets and exported (Supplementary Figure 5), including the median fluorescence intensity, which was converted to ABC using the QuantiBRITE bead measurements, and the percentage of positive cells using the FMO control value as cutoff.

The resulting dataset consisted of over a million data points of derived statistics and annotation information that together form a quantitative insight into the cell surfaceome of the human immune system. To make the data accessible as a major resource for detailed studies by us and the scientific community, we constructed an interactive web-based application (Figure 1). The resource contains multiple features to visualize the complete dataset [e.g., principal component analysis (PCA)] and to examine specific cell lineages and/or subsets (e.g., pairwise comparisons and patterns of expression during cell maturation).

The combined information of CD marker expression levels and percentages of positive cells were depicted as a “drop plot” (Figure 2), in which colors represent the ABC and the dot sizes represent the percentage of positivity. The CD markers displayed a wide range of expression patterns. For example, CD44, CD45, CD46, and CD47 were highly expressed on nearly all cells within the majority of defined subsets, whereas CD49a, CD49b, and CD49c were typically expressed at low levels. Importantly, all markers showed positivity for at least one subset, and the expression patterns of molecules such as CD3, CD4, CD8, CD14, CD19, and CD20 agreed with their designation as well-defined lineage markers (Figure 2).


[image: Figure 2]
FIGURE 2. Expression map of CD1–CD100 on all 42 non-overlapping cell subsets. CD markers are numerically ordered vertically with the FMO on the bottom row. The cell subsets are grouped (innate cells; thymocytes; T-cells; B cells) and sorted within lineage on their maturity. The median expression level is visualized by color, and the median percentage of positive cells is visualized by the size of the dot. For cell type abbreviations, see Supplementary Table 3.




Intra- and Inter-population Variation of CD Marker Expression

Further examination involved the relative intensity of expression of all CD markers in all defined cell subsets (Supplementary Figure 6 and Supplementary Table 4). The most highly expressed markers (e.g., CD45 on naive CD4 T-cells; Figure 3A) reached 105 ABC units, with lower expression levels for, e.g., CD3 and CD27 at 104, and CD31 and CD49f at 103. Ubiquitously expressed molecules on immune cells such as CD44, CD45, CD46, CD47, CD50, CD98, and CD99 had a low coefficient of variation (CV) across the studied subsets (Figure 3B), as did some molecules with overall low expression levels (e.g., CD49c). In contrast, as expected, markers with lineage- and/or subset-specific expression patterns show a greater degree of heterogeneity in expression over the examined subsets (e.g., CD19, CD24, CD35).


[image: Figure 3]
FIGURE 3. Expression levels and heterogeneity of expression of cell surface markers across cell types. (A) Median fluorescence (in antibody binding capacity; ABC) for all markers on one cell subset (naïve CD4 T-cells) ordered from low to high median expression. CD markers in red font are discussed in the main text, FMO is highlighted in orange, and a horizontal orange line depicts the median FMO background. Similar plots for all cell subsets are provided in Supplementary Figure 6. (B) Fluorescence (in ABC) across all cell subsets per CD marker with box whisker plots (median, IQR, and range). The CD markers are ordered from low to high median expression (black horizontal lines). (C) Coefficients of variation (CV) of expression across all cell subsets per CD marker. The CD markers are ordered from low to high median CV (black horizontal lines) as box whisker plots with the color representing the median expression level ABC. (D) Frequency of positive cells for all markers on one cell subset (naive B-cells) ordered from low to high frequency. Similar plots for all cell subsets are provided in Supplementary Figure 7. In all plots, fluorescence intensity is also represented by the coloring of the boxes.


To examine donor variation for expression all markers, CVs were calculated per cell subset for each marker and displayed as box whisker plots (Figure 3C). In general, the highly expressed markers were found to have relatively low inter-donor variability, whereas the CVs were higher for CD markers that were expressed at low levels (Figure 3C). Indeed, some of the markers with small boxes in Figure 3A (CD44, CD45, CD46, CD47, CD98, and CD99) were highly expressed and showed a relatively low CV. Still, some CD markers had a higher variability of expression in all cell subsets (CD15, CD36, and CD66b), and some CD markers with higher ABC had also relatively high CVs (CD43 and CD48).

The amount of surface protein (here expressed as ABC) is perhaps the most used measure of protein expression in a cell subset and corresponds most closely to measures of expression in other forms of analysis with bulk cells. However, flow cytometry being a single-cell technique has the advantage of distinguishing individual cells that do or do not express a marker. This can be shown as percentage of positivity, and this has been defined relative to FMO for all measured CD markers in each cell subset (Supplementary Figure 7 and Supplementary Table 5). Ordered visualization of markers with increased positivity revealed sigmoidal curves per cell subset (Figure 3D and Supplementary Figure 7), separating markers that were negative on all, positive on all, or positive on a fraction of the cells within the subset. The frequencies of positive cells were tightly associated with the fluorescence (shown by coloring), with some exceptions: e.g., low CD9 and high CD48 on naive B-cells (Figure 3D).



Clustering of Cell Subsets and CD Markers

To interrogate and visualize common expression patterns of markers and how these related on the defined cell subsets, we performed unsupervised HCA (Figure 4). The analysis revealed three main cell clusters: T-cells, B-cells, and myeloid cells. Within both B- and T-cells, the blood and tissue subsets were grouped into two separate subclusters.


[image: Figure 4]
FIGURE 4. Hierarchical clustering analysis of CD marker expression on leukocyte subsets. Unsupervised clustering was performed on all CD markers (n = 117) and all cell subsets (n = 47) based on log10 transformed Median ABC. Cell subsets are color coded based on their lineage and their tissue of origin. Hierarchical tree was algorithmically cut into clusters (k = 5). Each cell subset group could contain cell subset from one or more tissue type (peripheral blood, thymus, and tonsil). See Supplementary Figure 8 for larger version of this figure, including CD marker labeling.


Regarding CD marker patterns, CD19, CD20, CD21, CD22, CD72, and CD74 clustered together with predominant expression among B-cell subsets, whereas CD11b, CD11c, CD13, CD14, CD16, CD33, and CD88 were found to be expressed in the myeloid cell cluster (Supplementary Figure 8). The thymocyte cluster contained CD9, CD10, CD1a, CD1b, CD1d, CD71, CD69, CD90, and CD34, which are known markers for progenitor cells and for cell activation. A cluster of CD markers expressed on all subsets and at all stages included CD45, CD44, CD99, CD47, and CD50. Lastly, a T-cell cluster was apparent, containing CD2, CD3, CD4, CD5, CD6, CD7, CD8, CD26, CD28, CD49e, CD49f, CD62L, CD84, CD95, and CD96. In addition to these dominant clusters, the heatmap also clearly visualizes expression of CD markers outside of the dominant cluster, such as CD24 expression on neutrophils and eosinophils, and CD21 expression on immature thymocytes (Figure 4 and Supplementary Figure 8).



Granulocyte, Monocyte, and Dendritic Cell Analysis

Three monocyte subsets can be typically defined based on differential expression of CD14 and CD16 (Supplementary Figure 1), and these subsets have been shown to be associated with distinct diseases (31, 32). Of the 111 CD markers tested, 31 were significantly different in ABC (p < 0.01) between any two of the three subsets (Figure 5A). Remarkably, multiple integrins (CD11b, CD49e) and other adhesion molecules (CD33, CD62P), as well as antigen-presentation molecule CD1d were specifically downregulated on non-classical monocytes as compared to the classical and intermediate subsets.


[image: Figure 5]
FIGURE 5. Correlation of CD1–CD100 expression levels between related innate leukocytes. Pairwise analysis of expression levels (ABC) between (A) classical, intermediate, and non-classical monocytes; (B) myeloid DC and plasmacytoid DC; (C) neutrophils and eosinophils; and (D) eosinophils vs. basophils. CD41 and CD42b were excluded from the plots in (B–D). Both markers were not expressed on any granulocyte or DC cell type (ABC < 2 × 102).


By definition, CD16 (FcγRIII) was upregulated on intermediate and non-classical monocytes. In contrast, CD64 (FcγRI) was specifically downregulated on non-classical monocytes, whereas all subsets expressed relatively similar levels of CD32 (FcγRIIa and FcγRIIb). The CD35 antigen (complement receptor 1) was specifically downregulated on non-classical monocytes. Within the family of tetraspanins, CD63 expression was specifically high on classical monocytes, and CD9 and CD82 expression levels were significantly reduced on non-classical monocytes, whereas no differences were seen for CD37, CD53, and CD81.

Similar to the monocyte subsets, we performed a detailed phenotypic comparison between the major two DC subsets in blood: myeloid (m)DC and plasmacytoid (p)DC. pDCs were defined on the basis of co-expression of HLA-DR and CD123 (Supplementary Figure 1 and Supplementary Table 3). Due to the limitations in markers we could use in the backbone, we defined one mDC population on the basis of HLA-DR+CD11c+CD14–CD16–, which includes both the CD1c+ cDC1 and the CD141+ cDC2 subsets (33). Forty of the 111 CD molecules differed significantly in expression level between mDC and pDC (p < 0.01), and of these 19 with a p < 0.001 (Figure 5B). Most of the differences were the result of higher expression of markers on pDCs. Markers with low expression included molecules typically found on lymphocytes (CD3, CD10, and CD19), and this probably does not represent actual expression. In addition, pDC expressed higher levels of multiple integrins (CD29, CD49a, CD49c, CD49d) and adhesin molecule CD54 (ICAM-1), as well as the previously reported immunoregulatory receptor CD5 and tolerogenic receptors CD85d, CD85j, and CD85k (33), whereas the death receptor CD95 was significantly reduced on pDC (34). Expression levels of the previously reported CD11b, CD11c, and CD13 were reduced, but not with a significance of p < 0.01 (34).

Between neutrophils and eosinophils, 20 CD molecules were significantly different (p < 0.01) and all were lower on the latter subset (Figure 5C). These included the well-described CD10, CD15, and CD16, as well as integrins CD11b, CD11c, CD18; integrin ligand CD50; complement receptors CD35, CD88, and CD93; and the IgA receptor CD89. About half of the significantly different markers between basophils and eosinophils were around borderline expression (103) (Figure 5D). Of the rest, 11 were significantly higher in basophils and included the tetraspanins CD9, CD53, and CD82; the FcγRII (CD32); multiple cell adhesion molecules (CD38, CD44, CD54, CD62L); complement decay factor CD55; and SLAM family member CD84. Conversely, eosinophils expressed significantly more CD15, glycoproteins CD22 and CD24, ectoenzyme CD39, TNF receptor CD40, and adhesion molecules CD49f and CD66c.



T-Cell Maturation

Within the CD3+ cells, the three main lineages (TCRγδ+, CD4+, and CD8+) were distinguished (Supplementary Figure 2). Pairwise analysis of parallel maturation stages between the CD4 and CD8 lineages for markers with significance of >0.01 and change of at least 10-fold (Supplementary Figure 9A) revealed consistently higher CD59 expression on CD4 T-cells (all stages, except for TemRA; CD45RA+CD27–) (35). Conversely, “senescence” marker CD57 and tetraspanin CD63 were both higher on CD8 T-cells in the central memory (Tcm) stage.

In addition, multiple CD markers were differentially expressed between stages of T-cell maturation. Naive CD8 T-cells (CD45RA+CD27+) were nearly all positive for the CD45RA isoform, CD31 (PECAM-1), and costimulatory molecules CD27 and CD28 (Figure 6) (36). While the integrins (CD18 and CD11c) were expressed on all T-cell subsets, their degree of expression increased with maturation (Supplementary Figure 9B). The relative amount of surface CD45RA was about twice as high as CD3, which in turn was nearly twice that of CD27 (Supplementary Figure 9B). The expression levels of regulators of activation were tightly controlled as evidenced by low CV within each subset (CD3, CD45RA, CD28, CD27, and CD31; Supplementary Figure 9C). By definition, CD8 Tcm and Tem cells lacked surface CD45RA, and all expressed the CD45RO isoform, generated by alternative splicing. CD95 was expressed on all memory subsets, whereas CD57 was gradually upregulated from Tcm to Tem subsets, which in turn gradually lost CD31. Furthermore, CD28 positivity decreased from Tcm to Tem. Finally, in TemRA, CD45RA was re-expressed with a concomitant loss of CD45RO, and a massive increase in CD57 positivity (37). In our gating strategy, a separate population (CD45RAdimCD27+) was defined in-between CD8 Tnaive and Tcm. In contrast to Tnaive, CD45RAdim cells expressed CD95 and CD45RO and lower levels of CD27, and lacked CD38 expression. On the other hand, the CD45RAdim cells were distinct from TemRA, as they did express CD28, and not CD85j. The phenotype of CD45RAdim cells therefore seems to fit with that of antigen experienced T memory stem cell subset as has been suggested before (38, 39). Similar to CD8 T-cells, transition of naive CD4 T-cells to memory was accompanied by a decrease in expression of CD31, CD38, and CD45RA, while CD45RO, CD95 (Fas-receptor), and CD84 (SLAMF5) were upregulated (data not shown) (40, 41).


[image: Figure 6]
FIGURE 6. Expression patterns of selected CD markers on naïve and memory CD8 T-cells. Selected CD molecules are shown for naive, central memory (CM), effector memory (EM), and CD45RA+ effector memory (TEMRA) CD8 T-cells. In contrast to co-stimulatory molecules (CD27, CD28) and FasR (CD95), the integrins (CD11a, CD11b, CD11c, CD18) are expressed on all stages of CD8 T-cells; however, their expression levels differ (see Supplementary Figure 8).




Thymocyte Differentiation

In addition to mature T-cells in blood, T-cell progenitors in thymus were examined with a separate tube (Supplementary Figure 3) (29, 42), thereby enabling complete mapping of CD marker expression from early T-cell progenitors until effector memory cells (Figure 7) with the maturation tool in the web resource (Figure 1). This revealed that CD10 is gradually lost as cells differentiate from the double negative (DN) to the double positive (DP) stage, and is completely absent on single positive (SP) CD4+ T-cells. Distinct expression patterns were seen for costimulatory molecules CD27 and CD28. Early progenitors already expressed medium levels of CD28, which increased to a maximum after the DP stage, whereas CD27 was low or absent until the DP stage, reaching its maximum just before thymocytes exit to periphery at the CD1a-SP CD4 stage. All thymocytes expressed CD31, which was gradually lost on peripheral naive CD4 T-cells. CD11a was expressed on all stages of T-cell differentiation, with varying degrees of intensity, and a peak on effector memory T-cells.


[image: Figure 7]
FIGURE 7. Median expression levels of critical CD markers during thymocyte differentiation into peripheral CD4 T-cells. Expression levels (in ABC) of selected CD markers (n = 6) on thymocyte (red labels) and blood (pink labels) CD4 T-cell subsets (n = 11).




Antigen-Dependent B-Cell Maturation in Tonsil

Within the total HCA of CD1–CD100 on all cell subsets (Figure 4 and Supplementary Figure 8), the tonsil B-cell subsets were clustered together, and within this cluster, three subclusters were formed containing the three major functional compartments: (i) B-lymphocytes, including naive and unswitched and switched memory B-cells; (ii) germinal center (GC) cells, including centrocytes (CC) and centroblasts (CB); and (iii) plasma cells (PC), including CD138– and CD138+ PC. Over 30 CD markers showed statistically significant differences (p < 0.01) between any two of these three major subsets, and a p < 0.001 was observed for >20 CD markers. Populations within each of the three these subgroups were very homogeneous based with <5 CD markers significantly different (p < 0.01) between them.

PC and B-lymphocyte groups were most different with in CD marker expression (p < 0.01, 37 CD markers; p < 0.001, 27 CD markers). Those differences with a p < 0.001 included upregulation of a large set of adhesion and signaling molecules (CD18, CD31, CD54, CD97, CD98, and CD99) together with a different profile of expression of activation/signaling markers (CD9, CD24, CD27, CD28, CD37, CD39, CD43, CD44, CD45RA, CD52, CD53, CD63, CD79b, and CD81) and complement receptor proteins (CD35, CD46, CD55, and CD59) (28, 43). Visualization with the maturation tool from the CD Maps web resource (Figure 1) showed that some of these phenotypic features of an antibody-secreting cell signature were already acquired in the GC compartment (Figure 8). These phenotypic changes included upregulation of molecules involved in adhesion/migration (CD54, CD98) and enzymatic activity (CD10; pattern 3); changes in cell activation/signaling (CD24, CD44) and complement receptors (CD35, CD59; pattern 6), as compared to B-lymphocytes. PC and GC groups differed in 20 CD markers (p < 0.001), including those that were already upregulated during the GC phase (CD54, CD59, and CD98; pattern 3), reversion of phenotypic changes observed during GC reaction (CD20, CD31, CD32, CD40, CD47, and CD55; patterns 1, 2, and 4), and upregulation of markers that were absent on both B-lymphocytes and GC cells (CD9, CD28, CD43, CD63, and CD97). Finally, some markers were upregulated (CD46 and CD99; pattern 2) or decreased as compared to both B-lymphocytes and GC (CD37, CD45RA, and CD52; pattern 5).


[image: Figure 8]
FIGURE 8. Expression pattern of selected CD markers during B-cell maturation in tonsil. Expression patterns (median ABC) of CD markers showing statistically significant increased (Upper) or decreased (Lower) level of expression on germinal center (GC) cells (patterns 1 and 4), plasma cells (PC) (patterns 2 and 5), and both GC + PC simultaneously (patterns 3 and 6), as compared to B-lymphocytes (naive and memory B-cell subsets). Red lines indicate median expression levels of the depicted markers in that panel.





DISCUSSION

We here examined 111 CD markers on 47 leukocyte subsets using multicolor flow cytometry with the marker of interest in the PE channel. The resulting expression profile is the largest quantitative dataset of surface protein expression levels on human immune cells.

The examined surface proteins represent those that were defined clustered mAbs in HLDA workshops I–V that were held in the 1980s and early 1990s (20–24). At that time, the protein expression patterns were defined in great detail. However, with advances in technologies and new insights into immune cell function and subsets, we deemed the expression data incomplete, not fully accurate, and lacking quantitative information. Indeed, when we compare our data with a CD chart of a major antibody vendor, we could find over 50 discrepancies and 25 missing values. In part, those discrepancies stem from a positivity and negativity definition on a broadly defined cell lineage: any positivity found at any stage and/or activation status is regarded as positivity on such chart. Our detailed analysis on well-defined subsets potentially clarifies this.

To ensure robustness and reproducibility of our data, we standardized our experimental procedures and flow cytometer setup according to the protocols that were established for clinical use by the EuroFlow consortium (www.EuroFlow.org) (14). Subsequently, the measurements were independently performed in three to four laboratories, each acquiring data from three to four donors with parallel acquisition of PE signal calibration particles. Indeed, gating of subsets using the backbone markers could be reliably performed on the data, irrespective of their origin. There are limitations in the interpretation of the signal near the background (a combination of autofluorescence, spillover spread, non-specific antibody binding, and antibody titer) that resulted in a “gray zone” at 200–700 ABC units in lymphocytes and 1,000–10,000 ABC units in myeloid cells that has to be evaluated by a more sensitive approach in future studies.

Thus, we have obtained a realistic dataset, which can be prepared reproducibly in any laboratory following the same operating procedure. Although we do not claim we have covered population variation with only 12 donors per CD marker, by displaying up to 12 donors using median values, outliers caused by, e.g., rare genetic polymorphisms (CD45 isoforms or CD39) or by accidental activation (CD69) would not overtly affect the results (44–46). Accurate quantification of CD marker expression levels is not only important for biological function, but can be utilized as well for a proper design of flow cytometry experiments, where also intensity of expression is essential information for a successful multicolor panel (47).

The unique feature of our data resource is the detailed information in expression levels and changes between diverse immune cell subsets, thus allowing interpretation of quantitative changes during thymocyte development, B-cell maturation in the tonsil, and between blood cell subsets that might share expression of the same marker but with different quantities.

In the present study, we quantitatively mapped the expression of 111 surface-expressed proteins on 41 non-overlapping leukocyte subsets from three human tissues. With this being a large-scale analysis and a systems approach, a few concessions had to be made in experimental design. Accuracy of exact quantification of CD marker expression is potentially skewed by the antibody binding occurring through either one or two Fab domains (48). Thus, the ABC unit that was used to quantitatively depict expression has an error margin of a factor 2 for the number of expressed molecules. Still, our measurements for CD4 yielded a median of 38,650 ABC (clone MEM-241) for naive CD4 T-cells, which was very similar to the previously published value of 42,000 ABC (clone SK3) (49). Finally, for this large-scale approach, we only could use one antibody reagent for each given CD marker. Selection criteria for these reagents included (1) being a clone that was approved in the HLDA workshops and (2) good reactivity based on our in-house experience. Our pilot tests for two clones for CD4 (MEM-241 and RPA-T4) and CD8 (MEM-31 and HIT8a) showed differences of up to 20% in expression levels. As the clones we tested have been through the HLDA workshops, these will serve as a benchmark that can either be matched or can be surpassed by alternative reagents. The resource we have built will be appended in the future with new clones, new reagents, new CD markers, and new cell subsets. In the upcoming 11th HLDA workshop, this methodological framework will be used to measure and cluster antibody reactivities across subsets to help assign new CD nomenclature. This approach follows the strategy proposed by the International Working Group for Antibody Validation (IWGAV) that has documented expression patterns for 3,706 antibodies in immunoprecipitates (50, 51). Including future reactivity patterns of HLDA 11 in the CD Maps resource will enhance its role as a benchmark for the research community.

Regarding the immunobiology, we did not exhaustively define all functionally defined immune cell subsets. With four tubes using seven channels for the backbone each, we were able to define 41 unique, non-overlapping subsets. Several cell types were not included, such as helper T-cell subsets, regulatory T-cells, NK T-cells, and mucosa-associated invariant T-cells (MAIT). With an extended panel using more fluorescent markers, such limitation can be overcome in future studies. However, rare cell populations such as innate lymphoid cells will remain a challenge as this would require the acquisition of more than a million events per staining.

In conclusion, we have demonstrated the possibility to systematically quantify the expression of surface-expressed proteins on the multitude of immune cells using standardized multicolor flow cytometry. There is a need for this standardized systems approach to avoid confusion from separate observations in individual laboratories, to correct potential mistakes in the literature, and to predict potential off-target effects of antibody-based therapies. The CD Maps web resource enables each user to explore the data and it has the capacity to function as a platform for surface molecule expression data that can be updated with newer CD markers and more leukocyte subsets. With the ongoing activities of the HLDA workshops, the CD Maps project can provide the means to get toward a full picture of the surfaceome of human immune cells.
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In teleost fish as in mammals, humoral adaptive immunity is based on B lymphocytes expressing highly diverse immunoglobulins (IG). During B cell differentiation, IG loci are subjected to genomic rearrangements of V, D, and J genes, producing a unique antigen receptor expressed on the surface of each lymphocyte. During the course of an immune response to infections or immunizations, B cell clones specific of epitopes from the immunogen are expanded and activated, leading to production of specific antibodies. Among teleost fish, salmonids comprise key species for aquaculture. Rainbow trout (Oncorhynchus mykiss) and Atlantic salmon (Salmo salar) are especially important from a commercial point of view and have emerged as critical models for fish immunology. The growing interest to capture accurate and comprehensive antibody responses against common pathogens and vaccines has resulted in recent efforts to sequence the IG repertoire in these species. In this context, a unified and standardized nomenclature of salmonid IG heavy chain (IGH) genes is urgently required, to improve accuracy of annotation of adaptive immune receptor repertoire dataset generated by high-throughput sequencing (AIRRseq) and facilitate comparisons between studies and species. Interestingly, the assembly of salmonids IGH genomic sequences is challenging due to the presence of two large size duplicated IGH loci and high numbers of IG genes and pseudogenes. We used data available for Atlantic salmon to establish an IMGT standardized nomenclature of IGH genes in this species and then applied the IMGT rules to the rainbow trout IGH loci to set up a nomenclature, which takes into account the specificities of Salmonid loci. This unique, consistent nomenclature for Salmonid IGH genes was then used to construct IMGT sequence reference directories allowing accurate annotation of AIRRseq data. The complex issues raised by the genetic diversity of salmon and trout strains are discussed in the context of IG repertoire annotation.

Keywords: immunoglobulin, antibody repertoire, salmonid fish, VDJ annotation, comparative immunology


INTRODUCTION

Vertebrate species with jaws (Gnasthostomata) that appeared more than 400 million years ago are all characterized by an adaptive immune system based on B and T cells along with the huge diversity and specificity of their antigen receptors, the immunoglobulins (IG) or antibodies and the T cell receptors (TR), respectively (1, 2). The analysis of the germline IGH locus defines the genomic repertoire with the identification of the functional variable (V), diversity (D), and joining (J) genes that participate in the synthesis of VH domains. It also allows the identification of the functional constant (C) genes that encode the constant regions of the heavy chains and define their isotypes (3–7).

In teleost fish, B cell clonal responses are induced by infection or immunization, as described in humans or mice. Antibodies constitute a key factor for fish specific immunity and for the protection afforded by vaccines. As key species in aquaculture, Salmonids (family Salmonidae) including rainbow trout (Oncorhynchus mykiss; Oncmyk) and Atlantic salmon (Salmo salar; Salsal) constitute important models for the study of antibodies and B cell responses in fish.

Several groups started to clone and sequence IGH cDNA from rainbow trout in the early 1990s (8–12). Comparison of VH domains (V-D-J-REGION) expressed in trout stocks from Sweden, France, and the US revealed differences in IGHV subgroup usage: subgroups named 8, 9, 10, and 11 were found only in Swedish stocks while subgroups 4 and 7 were only found in French stocks and subgroup 5 (now part of IGHV1) was found in Swedish, French, and US stocks. These observations suggested genetic differences between the IGHV gene germline repertoires of different populations, but this was not fully clear due to the very small numbers of sampled individuals. In 1996, expressed VH domain sequences were classified into a set of 11 IGHV subgroups, defining a first unified nomenclature for rainbow trout (13). A more extensive study performed in 2006 on American trout by the group of Steve Kaattari found all these subgroups expressed, indicating that IGHV subgroups may have a wider distribution than previously suggested. Two additional subgroups expressed at low frequency were also discovered in this survey (14), leading to a repertoire of 13 IGHV subgroups. These subgroups were used for an IMGT gene table created in 2009, with a provisional gene nomenclature (letter S) for rainbow trout IGHV [path to access: IMGT Repertoire (IG and TR) >1. Locus and genes > Gene tables > IGHV > Rainbow trout (O. mykiss)]1.

In Atlantic salmon, Solem et al. described in 2001 nine IGHV subgroups (15), seven of which corresponded to IGHV subgroups defined in rainbow trout (1, 2, 3, 6, 8, 9, and 11). Southern blot experiments suggested that the number of genes per subgroup could vary between 1 and 7 ± 10. This work also clearly established that Atlantic salmon IGHV genes were rearranged and transcribed from both of the two Atlantic salmon IGH loci (IGH locus A on chromosome 6 and IGH locus B on chromosome 3), which were most likely produced by the salmonid whole genome duplication. These data actually suggested that genes from some subgroups could be expressed only from a single locus, while genes from other subgroups were expressed from both A and B loci. This analysis was later extended and refined in 2010 by Yasuike et al. from a complete assembly of the Atlantic salmon IGH A and B loci based on sequences of 24 bacterial artificial chromosomes (BAC) (16). This study provided a first map of the organization of the duplicated IGH loci of a salmonid species. Ninety-nine IGHV genes were found in locus A, and 103 in locus B; 23 IGHV genes are functional in locus A, and 32 in locus B. Using the IMGT threshold of 75% identity for the V-REGION, 18 IGHV subgroups were defined in this work (16). Subgroups that did fit with the IGHV subgroups established in rainbow trout were given a subgroup number consistent with the online 2009 IMGT gene table [IMGT Repertoire (IG and TR) > 1. Locus and genes > Gene tables > IGHV > Atlantic salmon (Salmo salar)]1.

As new genome assemblies of Atlantic salmon and rainbow trout have been recently made available, we decided to annotate the IGH locus of these species and to establish a common nomenclature of IGH genes based on IMGT rules. We used data previously published for Atlantic salmon (16) to develop a prototype for the Salmonid IMGT standardized nomenclature. We also applied the IMGT rules to the rainbow trout IGH loci as a novel example of IMGT genomic annotation. The objective was to take into account the specificities of the Salmonid loci and to develop a unique, consistent nomenclature, while respecting the IMGT Scientific chart rules and standards. These standards are based on the concepts of identification (keywords), classification (gene and allele nomenclature), description (labels), and numbering (IMGT unique numbering and IMGT Collier de Perles) (3). It is important to note that a consistent nomenclature is crucial to build IMGT reference directory sets that are constituted by the V-REGION, D-REGION, and J-REGION of each IMGT reference allele from IMGT/LIGM-DB (same accession numbers as GenBank, ENA, and DDBJ) (17). These reference directory sets are the fundamental basis for annotation of repertoire datasets produced by high-throughput AIRRseq approaches for the analysis of expressed repertoires, in particular to define expressed clonotypes (18–20). The IMGT reference directories are built following the classification of the V, D, J, and C genes and alleles according to the IMGT rules and the assignment of the IMGT functionality: functional (F), open reading frame (ORF), or pseudogene (P) (IMGT Scientific chart > IMGT functionality)1 (3). These rules ensure that the nomenclature is consistent within and between species, and can be updated when more sequence data become available. Reference directory sets are used by IMGT/V-QUEST and IMGT/JunctionAnalysis (21, 22) for detailed analysis of nucleotide (nt) sequences of V domains [V-(D)-J-REGION]; by IMGT/DomainGapAlign, which provides alignments of amino acid (AA) sequences with the closest V and J regions for V domains and the closest C exons for C domains (23); by IMGT Collier de Perles based on the IMGT unique numbering for V and C domains (24, 25); and by IMGT/HighV-QUEST (26, 27) for high-throughput sequence analysis of expressed IGH repertoires and clonotype definition (18–20). Importantly, IMGT reference directory sets are freely available for the academic community and can be used by other programs developed for repertoire analysis.

In this work, we produced reference directory sets for IGH loci of Atlantic salmon and rainbow trout, based on a unique nomenclature developed for salmonids and following IMGT rules. We show how the particularities of salmonid IGH loci (duplicated loci in each haplotype, large number of genes and pseudogenes) were taken into account and how reference directory sets can be used for annotation of IGH expression datasets. We also discuss how the nomenclature and reference directories can be updated with new data and extended to other salmonid species.



MATERIALS AND METHODS

GU129139 and GU129140 from GenBank, ENA, and DDBJ, entered in IMGT/LIGM-DB (Rel. 201839-1) and IMGT annotated (GU129139 in Rel. 201923-5, Last updated, Version 11 and GU129140 in Rel. 201930-1, Last updated, Version 10), were selected as S. salar (Salsal) IMGT IGH locus prototypes. Sequences from these entries are from Atlantic salmon BAC library (CHORI-214), constructed from a Norwegian aquaculture strain male, from BACPAC Resources, Children's Hospital Oakland Research Institute (CHORI) (16). GU129139 (931200 bp) (Salsal locus A, ssa06, IMGT locus ID: Salsal_IGH_1) is in reverse (REV) orientation on chromosome 6 whereas GU129140 (1063283 bp) (Salsal IGH locus B, ssa03, IMGT locus ID: Salsal_IGH_2) is in forward (FWD) orientation on chromosome 3.

For obtaining IMGT gene names, newly identified Atlantic salmon and rainbow trout IGH genes and alleles from genome assemblies were submitted to the IG, T cell receptors (TR), and major histocompatibility (MH) Nomenclature Sub-Committee (IMGT-NC) of the International Union of Immunological Societies (IUIS) Nomenclature Committee2,3. Two IMGT_NC reports #2019-5-0131 and #2019-7-02202 comprise the submission of 75 Atlantic salmon IGHV sequences from two accession numbers NC_027305.1 and NC_027302.1. These reports concern 75 different genes [35 Atlantic salmon IGHV on NC_027305.1 (Salsal locus A, ssa06) and 40 Atlantic salmon IGHV genes on NC_027302.1 (Salsal locus B, ssa03)] and correspond to 75 new alleles (61 of them are *01 and 14 are *02).

Two new entries were created in IMGT/LIGM-DB: IMGT000028 for Salsal locus A [S. salar (Atlantic salmon), taxon:8030, breed: double haploid, assembly GCF_000233375.1, GenBank assembly ID: GCA_000233375.4, chromosome 6, CM003284.1 (20520824–22238370, complement), IGH locus A] [this entry includes IMGT annotated genes from NC_027305.1 (Salsal ssa06)] and IMGT000029 for Salsal locus B [S. salar (Atlantic salmon), taxon:8030, breed: double haploid, assembly GCF_000233375.1, GenBank assembly ID: GCA_000233375.4, chromosome 3, CM003281.1 (77578187–79383607), IGH locus B] [this entry includes IMGT annotated genes from NC_027302.1 (Salsal ssa03)].

The rainbow trout genome (assembly: Omyk_1.0, June 2017; GenBank assembly accession GCA_002163495.1) obtained from the homozygous Swanson clonal line was examined to locate IGH locus. Two IGH loci were identified, locus A on chromosome 13 (Oncmyk chr13) and locus B on chromosome 12 (Oncmyk chr12), both of them are in forward (FWD) orientation. The IMGT-NC Report #2019-10-0402 comprises the submission of 181 rainbow trout IGH gene sequences from NC_035089.1 (Oncmyk Omy13) and NC_035088.1 (Oncmyk Omy12). This IMGT-NC report concerns 181 different genes: 74 genes in locus A on Oncmyk chr 13 (49 IGHV, 11 IGHD, 10 IGHJ, and 4 IGHC on NC_035089.1) and 107 genes in locus B on Oncmyk chr 12 (80 IGHV, 13 IGHD, 9 IGHJ, and 5 IGHC on NC_035088.1) and corresponds to 181 new alleles *01. Two new entries were created in IMGT/LIGM-DB: IMGT000043 (IMGT/LIGM-DB) for Oncmyk locus A [O. mykiss (rainbow trout), taxon:8022, isolate: Swanson, assembly Omyk_1.0, GenBank assembly ID: GCF_002163495.1, chromosome 13: CM007947.1 (48012355–48422510), IGH locus A] [this entry includes IMGT annotated genes from NC_035089.1 (Oncmyk Omy13)] and IMGT000044 for Oncmyk locus B [O. mykiss (rainbow trout), taxon:8022, isolate: Swanson, assembly Omyk_1.0, GenBank assembly ID: GCF_002163495.1, chromosome 12: CM007946.1 (81302817–81805590), IGH locus B] [this entry includes IMGT annotated genes from NC_035088.1 (Oncmyk Omy12)].



RESULTS

The complete and correct assembly of the Salmonidae IGH loci is a significant challenge owing to (i) the existence of two duplicated loci due to the tetraploidization (named locus A and locus B), (ii) the large size of each locus, (iii) the high number of different IGHV subgroups compared to mammals, (iv) the internal amplification and potential gene conversion that occurred inside each locus during their evolution, and (v) the very high number of pseudogenes, many of them partial, relative to the functional genes.

We therefore explored how the standardized IMGT nomenclature could allow the identification and classification of genes and alleles in incomplete or not yet fully annotated genome assemblies. The IGH data published for Atlantic salmon (16), largely based on BAC sequencing, were used as a prototype for establishing the standardized IMGT nomenclature for salmonids and for dealing, by comparison, with newly identified IGH genes from both Atlantic salmon and rainbow trout genome assemblies. The particularities of these IGH loci (in particular the tetraploidization) were taken into consideration for consistency between salmonid species.


From IG Classes to IMGT Constant (C) Gene Names

Three antibody classes have been identified in fish, namely, IgM, IgD, and IgT, while IgG, IgA, and IgE are absent (28). IgM and IgD are generally co-expressed at the cell surface of the same B cells through alternative splicing, as in mammals. Soluble IgM are tetrameric and constitute the main antibody class in serum. A third class, IgT, is expressed in most fish groups including salmonids. Interestingly, the IG-Heavy-Tau chains of IgT have a VH domain that results from independent V-D-J rearrangements, and is not obtained by a switch process (29). IgT has been found only in bony fish and is particularly involved in mucosal immunity and protection (30). IGHD was cloned and characterized in rainbow trout and Atlantic salmon, in parallel to the discovery of IGHT encoding the third fish IG-Heavy-Tau isotype (28, 29) and then in Atlantic salmon (31).

By convention, IMGT groups are designated by the locus and gene type. Based on the four gene types, V (variable), D (diversity), J (joining), and C (constant), the IGH genes belong to four groups: IGHV, IGHD, IGHJ, and IGHC. For the IGH locus, the constant genes are designated by the letter (and, if relevant, number) corresponding to the encoded isotype (IGHT, IGHM, and IGHD), instead of using the letter C.

The salmonid IGHC genes belong to three subgroups IGHM, IGHD, and IGHT and encode, when functional, the C-REGION of the heavy chain defining these three isotypes, IG-Heavy-Mu (heavy chain of the IgM class), IG-Heavy-Delta (heavy chain of the IgD class), and IG-Heavy-Tau (heavy chain of the IgT class) (Table 1). Salmonid locus A and locus B were assigned based on the literature, with the letter D (for “duplicated”) added to the conventional gene names for locus B.


Table 1. Salmonid IG receptor classes, heavy chain types, and IGHC gene names.
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Atlantic Salmon IGH Constant Genes and Associated D and J Genes

The Atlantic salmon IGH locus A, which is in a reverse (REV) orientation on chromosome 6 and spans 660 kilobases (kb) (with the V genes encompassing 600 kb) (Figure 1) includes 7 IGHC genes with 17 associated IGHD genes and 13 IGHJ genes. The Atlantic salmon IGH locus B, which is in forward (FWD) orientation on chromosome 3 and spans 720 kb (with the V genes encompassing 670 kb) (Figure 2) includes 5 IGHC genes with 11 associated IGHD genes and 8 IGHJ genes. The constant region of the IG-Heavy-Mu chain and of the IG-Heavy-Delta are encoded by a unique gene per locus (IGHM and IGHD for locus A and IGHMD and IGHDD for locus B) preceded by a D-J cluster. There are several IG-Heavy-Tau genes (IGHT), but the associated D-J cluster may be incomplete (lacking D and/or J genes). In Atlantic salmon, there is only one IGHT functional (F) gene per locus, IGHT4 for locus A and IGHT2D for locus B, each one having a complete D-J cluster (Table 2).


[image: Figure 1]
FIGURE 1. Organization of the Atlantic salmon (Salmo salar) locus A. The orientation of the Atlantic salmon (S. salar) IGH locus on chromosome 6 (locus A—Salsal ssa06) is reverse (REV). IGH gene names are according to IMGT nomenclature (3). Single arrows show genes whose polarity is opposite to that of the D-J-C CLUSTER comprising IGHD (D1–D9)-IGHJ (J1–J5)-IGHM-IGHD. Gene names of IGHV pseudogenes with frameshift(s) in the V-REGION are not displayed due to lack of space in the locus map at the IMGT standardized scale (line = 200 kb). All gene names are displayed in a zoom (line = 100 kb) on the IMGT site [IMGT Repertoire (IG and TR) > Locus and genes > Locus representations]1. Color coding of genes is according to the IMGT Color menu for genes (IMGT Scientific chart > 4. Representation Rules > IMGT color menu > 11. Color menu for genes)1: V-GENE (green: functional, yellow: ORF, red: pseudogene), D-GENE (blue: functional), J-GENE (yellow: functional), and C-GENE (blue: functional, white box: pseudogene). With permission of IMGT®, the international ImMunoGenetics information system®.



[image: Figure 2]
FIGURE 2. Organization of the Atlantic salmon (S. salar) locus B. The orientation of the Atlantic salmon (S. salar) IGH locus on chromosome 3 (locus B—Salsal ssa03) is forward (FWD). IGH gene names are according to IMGT nomenclature (3). Single arrows show genes whose polarity is opposite to that of the D-J-C CLUSTER comprising IGHD (D1–D9)-IGHJ (J1–J5)-IGHM-IGHD. Gene names of IGHV pseudogenes with frameshift(s) in the V-REGION are not displayed due to lack of space in the locus map at the IMGT standardized scale (line = 200 kb). All gene names are displayed in a zoom (line = 100 kb) on the IMGT site [IMGT Repertoire (IG and TR) > Locus and genes > Locus representations]1. Color coding of genes is according to the IMGT Color menu for genes (IMGT Scientific chart > 4. Representation Rules > IMGT color menu > 11. Color menu for genes)1: V-GENE (green: functional, yellow: ORF, red: pseudogene), D-GENE (blue: functional), J-GENE (yellow: functional), and C-GENE (blue: functional, white box: pseudogene). With permission of IMGT®, the international ImMunoGenetics information system®.



Table 2. Atlantic salmon (Salmo salar) IGH constant C genes and associated D and J genes.

[image: Table 2]

In the Atlantic salmon locus A, the D and J genes associated to IGHT genes comprise two D (IGHD1T2 and IGHD2T2) and two J (IGHJ1T2 and IGHJ2T2) upstream of the pseudogene (P) IGHT2, two J (IGHJ1T3 and IGHJ2T3) upstream of IGHT3 (P), five D (IGHD1T4 to IGHD5T4) and two J (IGHJ1T4 and IGHJ2T4) genes, all of them functional, upstream of IGHT4 (F) and one D (IGHD1T5) and two J (IGHJ1T5 and IGHJ2T5) upstream of IGHT5 (P). There is no IGHD or IGHJ upstream of IGHT1 (P) (Table 2). The D and J associated to IGHM and IGHD comprise nine D (IGHD1 to IGHD9), all of them functional and five J genes, three of them functional (IGHJ1, IGHJ3, and IGHJ4), one with ORF, the IGHJ2, and one with alleles F or ORF (IGHJ5). They are located upstream of IGHM (F) and shared with the IGHD constant gene (F) (Table 2 and Figures S1, S2). Eleven IGHD not directly associated to constant genes are dispersed in locus A (IGHD-1 to IGHD-11).

In the Atlantic salmon locus B, the D and J genes associated to IGHT genes comprise one J (IGHJ1T1D) upstream of IGHT1D (P), two D (IGHD1T2D and IGHD2T2D), and two J (IGHJ1T2D and IGHJ2T2D) all functional upstream of IGHT2D (F) and three D (IGHD1T3D, IGHD2T3D, and IGHD3T3D) downstream of IGHT3D (P) (Table 2 and Figures S1, S2). The D and J genes associated to IGHMD and IGHDD comprise six D (IGHD1D to IGHD6D, all functional) and five J genes (four functional, IGHJ1D to IGHJ4D) and one with alleles F or ORF (IGHJ5D). They are located upstream of IGHMD (F) and shared with the IGHDD constant gene (F) (Table 2 and Figures S1, S2). Six IGHD not directly associated to constant genes are dispersed in locus B (IGHD-1D to IGHD-6D).

IGHD, IGHJ, and IGHC genes are reported in IMGT Gene tables [IMGT Repertoire (IG and TR) > 1. Locus and genes > Gene tables > IGHD > Atlantic salmon (S. salar); ibid., IGHJ > Atlantic salmon (S. salar); ibid., IGHC > Atlantic salmon (S. salar)]1.



Rainbow Trout IGH Constant Genes and Associated D and J Genes

Similar to the Atlantic salmon, the rainbow trout has one functional gene per IGH locus encoding the constant region of the IG-Heavy-Mu (IGHM gene in locus A and IGHMD gene in locus B), the constant region of the IG-Heavy-Delta (IGHD gene in locus A and IGHDD gene in locus B), and the constant region of the IG-Heavy-Tau (IGHT2 gene in locus A and IGHT1D gene in locus B).

The rainbow trout IGH locus A, which spans 360 kb and is in a forward (FWD) orientation on chromosome 13, includes 11 IGHD genes, 10 IGHJ genes, and 4 IGHC genes (Table 3). There are three D and two J genes upstream of IGHT1 (P), two D and two J genes upstream of IGHT2 (F), and six D and six J genes (all of them F) upstream of IGHM (F) and shared with the IGHD (F) constant gene (Figures S1, S2).


Table 3. Rainbow trout (Oncorhynchus mykiss) IGH constant C genes and associated D and J genes.

[image: Table 3]

The rainbow trout IGH locus B, which spans 485 kb and is in a forward (FWD) orientation on chromosome 12, includes 13 IGHD genes, 9 IGHJ genes, and 3 IGHC genes (Table 3). There are four D genes (1 ORF and 3 F) and two J genes (both F) upstream of IGHT1D (F), and six D and seven J genes (all of them F) upstream of IGHMD (F) and shared with the IGHDD (F) constant gene (Figures S1, S2).

Sequences of rainbow trout IGHD and IGHJ genes and alleles are available in the downloadable IMGT reference directory sets from IMGT/GENE-DB (/download/GENE-DB)1 and from IMGT/V-QUEST (/download/V-QUEST/IMGT_V-QUEST_reference_directory/Oncorhynchus_mykiss/IG/IGHD.fasta; ibid., /IGHJ.fasta)1. IGHD and IGHJ genes and alleles are reported in the IMGT Gene tables [IMGT Repertoire (IG and TR) > 1. Locus and genes > Gene tables > IGHD > Rainbow trout (O. mykiss); ibid., IGHJ > Rainbow trout (O. mykiss)]1.

The demonstration that there is only one rainbow trout IG-Heavy-Delta complete gene per locus, IGHD in locus A and IGHDD in locus B, respectively, and that these two genes are functional, results from the analysis derived from applying the nomenclature of the Atlantic salmon IGH loci as well as the interpretation of expression data and published references (15, 16, 29, 31). The anomalies (partial IGHD and IGHDD genes with exons in aberrant localizations or in reverse-complementary orientation) are likely artifacts of the current genome assembly. For that reason, the functionality of the IGHD and IGHDD, deduced from literature data and supported by sequences external to the genome assembly, is shown in parentheses in Table 3.



Atlantic Salmon IGH Variable Genes

The Atlantic salmon IGH locus comprises a total of 303 IGH variable (IGHV) genes (145 IGHV in locus A on Salsal chromosome 6, spanning 600 kb, and 158 IGHV in locus B on Salsal chromosome 3, spanning 670 kb) (Figures 1, 2). There are a total of 67–69 functional genes, 12 ORF, and 222–224 pseudogenes (Table 4).


Table 4. Atlantic salmon IGH variable genes.
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Based on the percentage of identity between nucleotide sequences of the V-REGION (threshold 75%), the Atlantic salmon 303 IGHV genes can be classified into 16 IGHV subgroups. IGHV genes are reported in IMGT Gene tables [IMGT Repertoire (IG and TR) > 1. Locus and genes > Gene tables > IGHV > Atlantic salmon (S. salar)]1. Correspondence with previous gene names is indicated.

Translation of alleles *01 of F, ORF, and in-frame P are aligned according to the IMGT unique numbering in IMGT Protein display allowing the visualization of the FR-IMGT and CDR-IMGT [IMGT Repertoire (IG and TR) > 2. Proteins and alleles > Protein displays > IGHV > Atlantic salmon (S. salar)]1 and the comparison of the CDR-IMGT lengths per subgroup (3) {IMGT Repertoire (IG and TR) > 3. 2D and 3D structures > FR-IMGT and CDR-IMGT lengths (V-REGION and V-DOMAIN) > [CDR1-IMGT.CDR2-IMGT.] length per subgroup > IGHV > Atlantic salmon (S. salar)}1 (3).



Rainbow Trout IGH Variable Genes

A total of 129 IGHV genes were identified in the rainbow trout genome, of which 57 can be considered fully functional or with an ORF without stop codon. A number of other sequences were identified as IGHV fragments in the assembly and were not included in the annotation. On chromosome 13 (locus A), 44 IGHV genes were found upstream of the functional IGHT2 gene, as well as 5 IGHV genes between the D-J-IGHT2 cluster and the D-J-IGHM-IGHD cluster. Eighty IGHV genes were found on chromosome 12 (locus B): 70 IGHV were located upstream of the functional IGHT1D gene and 10 IGHV were found between the D-J-IGHT1D cluster and the D-J-IGHMD-IGHDD cluster. The 129 rainbow trout IGHV genes could be classified into the same 16 subgroups defined for the Atlantic salmon IGHV genes, containing from only 1 pseudogene (i.e., IGHV5, IGHV13, and IGHV14 subgroups) to 35 genes, i.e., IGHV1 subgroup, which includes 12 F, 2 ORF, and 21 P IGHV genes. Figure 3 shows a phylogenetic tree based on nucleotide sequences of IGHV genes (F and ORF) present in Atlantic salmon and rainbow trout IGH loci. While some IGHV subgroups are not represented in both species, as far as we know, this tree illustrates how rainbow trout IGHV genes nicely cluster with their Atlantic salmon counterparts.


[image: Figure 3]
FIGURE 3. Phylogenetic analysis of Atlantic salmon and rainbow trout IGHV gene sequences. A phylogenetic analysis of the V-REGION of Atlantic salmon (Salsal) and rainbow trout (Oncmyk) IGHV genes (F + ORF) was performed using the UPGMA method and a bootstrap based on 1,000 replicates. A total of 136 genes, 81 from Salsal (69 F + 12 ORF) and 55 from Oncmyk (44 F + 11 ORF) from the IMGT/V-QUEST reference directory sets (release 201931-4, 1st August 2019) (Table 5), were compared. Only one allele per gene was included in the analysis (allele *01 for all but two IGHV8-58*02 F and IGHV8-53*03 F). Nodes with a bootstrap support higher than 75% are indicated.




Expressed Repertoire Analysis

IMGT/V-QUEST and its high-throughput version, IMGT/HighV-QUEST, can perform analysis of nucleotide sequences of the IG and TR variable domains (21, 22, 26, 27). These tools run against the IMGT/V-QUEST reference directory database that includes several sets (per group and per species) and are built based on the IMGT standards (3) (annotation in IMGT/LIGM-DB, Gene tables, Alignments of alleles, Protein display, entry in IMGT/GENE-DB). The IMGT/V-QUEST sets comprise IMGT reference sequences from all functional (F) and ORF genes and alleles (in Advanced parameters, Selection of IMGT reference directory set “F + ORF”). The sets also include IMGT reference sequences from pseudogenes (P) and alleles with an in-frame V-REGION for versatile genomic analysis (proposed by default, in Advanced parameters IMGT reference directory set “F + ORF + in-frame P”).

Altogether, IMGT/V-QUEST reference directory for Atlantic salmon IGHV contains 150 alleles that include 76 F, 15 ORF, and 59 P in-frame (release: 201931-4, 1st August 2019) (Table 5). The 76 F comprise, in addition to the 67 F alleles *01 (28 from locus A and 39 from locus B), 8 alleles *02 and 1 allele *03. The 15 ORF comprise, in addition to the 12 ORF alleles *01 (7 from locus A and 5 from locus B), 3 alleles *02. The 59 in-frame P comprise, in addition to the 54 P alleles *01 (26 from locus A and 28 from locus B), 5 alleles *02. Alleles of closely related duplicated genes are managed in the same Alignments of alleles, as shown, for example, for IGHV1-64*01 F and IGHV1-100*01 F, which have identical V-REGION nucleotide sequences [IMGT Repertoire (IG and TR) 2. Proteins and alleles > Alignments of alleles > IGHV > Atlantic salmon (S. salar)]1.


Table 5. Atlantic salmon (S. salar) and rainbow trout (O. mykiss) IGHV alleles included in the IMGT/V-QUEST reference directory sets (release 201931-4, 1st August 2019).

[image: Table 5]

IMGT/V-QUEST reference directory for rainbow trout IGHV contains sequences of 77 alleles that include 44 F, 11 ORF, and 22 P in-frame (/download/V-QUEST/IMGT_V-QUEST_reference_directory/Oncorhynchus_mykiss/IG/IGHV. fasta)1. All the alleles are *01 (release: 201931-4, 1st August 2019) (Table 5). All IGHV genes and alleles (including the P out-of-frame) are reported in IMGT Gene tables [IMGT Repertoire (IG and TR) > 1. Locus and genes > Gene tables > IGHV > Rainbow trout (O. mykiss)]1.

We then investigated the functionality and expression level of IGHV genes from the two species using the standardized nomenclature based on genomic annotation. To do so, adaptive immune receptor repertoire datasets generated by high-throughput sequencing (AIRRseq) were submitted to IMGT/HighV-QUEST analysis.



Atlantic Salmon

AIRRseq data from head kidney of Atlantic salmon were generated based on 5′RACE and specific primers for IGHM constant region [data from reference (32)]. Using the Atlantic salmon reference dataset updated in 2019, a total of 50 IGHV genes (42 functional “F,” 4 “ORF” and 4 pseudogenes “P”) were expressed in the dataset (Figure 4A). More than 80% of submitted sequences presented IGHV F genes. Interestingly, the majority of expressed V genes were from locus B (chromosome 3). This difference was reflected in the abundance of rearrangements (~66% from locus B) and in the diversity of IGHV genes expressed: 25 IGHV from locus B vs. 17 IGHV from locus A (Figure 4A). On average, IGHV1D-25*01, IGHV6D-18*01, IGHV6D-16*01, and IGHV1-73*01 were the most abundant IGHV functional genes, accounting for 30% of the expressed repertoire.


[image: Figure 4]
FIGURE 4. IGHV usage determined by IMGT/HighV-QUEST tool. Analysis of AIRRseq datasets obtained previously from head kidney of three healthy Atlantic salmons (A) and from spleen of three rainbow trouts that were intraperitoneally immunized with killed Yersinia ruckeri (B). Libraries were generated by 5′RACE using specific primers for IGHM constant region. IGHV usage is expressed as the percentage of total productive rearrangements.




Rainbow Trout

In this species, we analyzed AIRRseq datasets from fish intraperitoneally immunized with a killed bacterial pathogen, Yersinia ruckeri [data from reference (33)]. 5′RACE PCR products were produced from spleen of immunized fish, using specific primers for IGHM constant region and with unique molecular identifiers (UIDs) for better data normalization (33). Only in-frame productive rearrangements (CDR3-IMGT without stop codons) were analyzed. Trout used in this study belonged to the isogenic line derived from Swanson strain that was selected for the rainbow trout genome project. Hence, these AIRRseq data express IGH genes from the very same repertoire, which was annotated in the current IMGT reference directories. These data therefore provided a quantitative assessment of the expression of IGHV genes in the spleen of three genetically similar individuals responding to a pathogen.

In this dataset, IMGT/High V-QUEST unambiguously identified the IGHV gene in 94% of submitted sequences, 90% of them with at least 99% of sequence identity (52% with 100% of identity). A total of 55 IGHV genes (35 functional “F,” 9 “ORF,” and 7 pseudogenes “P”) were expressed. Interestingly, these rearrangements are from both IGH loci (A and B) in relatively similar proportions.

In each trout sample, about 17% of sequences corresponded to IGHV ORF genes and 1.7–4.7% corresponded to IGHV pseudogenes (most of them correspond to IGHV1D-12*01 P or IGHV1-21*01 P) involved in-frame junction rearrangements. This feature could be detected because we selected the IMGT/HighV-QUEST directory sets “F + ORF + in-frame P,” which also include pseudogenes with in-frame stop codon in V region or defect in the leader or recombination signal (RS) sequences (3). Although IGH transcripts with stop codon are generally rare in mammals, they are typically much more frequent in fish, perhaps because nonsense-mediated mRNA decay (NMD) may work differently (28, 32, 34, 35).

Hence, about 80% of submitted rainbow trout sequences presented functional IGHV genes (Figure 4B). IGHV4D-24*01 F, IGHV6D-40*01 F, IGHV1-18*01 F, and IGHV11-25*01 F were the most expressed on average, with a limited interindividual variation as expected from the genetic constitution of the fish analyzed. In this dataset, for about 6% of submitted sequences, IMGT/HighV-QUEST provided two results assigned to distinct duplicated germline IGHV with alleles having identical or close sequences (for example, IGHV12D56*01/IGHV12D57*01, or IGHV8-30*01/IGHV8-40*01) owing to the gene duplication in salmonids.

Although the datasets analyzed here for salmon and trout were not selected for direct comparison, it suggests that these two species (at least, the fish strains analyzed here) do not use the two loci in the same way (see above). A rigorous and comprehensive comparison of expressed repertoires between rainbow trout and Atlantic salmon will require a systematic comparison of AIRRseq data from multiple strains.



Genetic Variability of IG Genes in Salmonids

Making available a full annotation and versatile nomenclature also offers the possibility to better integrate new data about variability of IG (or TR) genes. This issue is of particular interest in Salmonids for two main reasons: (1) variations of IG gene sequences may affect the repertoire of specificities targeted by Abs, in turn impacting the quality and efficiency of responses against pathogens, and (2) salmonid IG loci are particularly complex with high numbers of functional genes and pseudogenes located in two regions; therefore, they constitute interesting models to understand mechanisms of short-term evolution of such loci and the potential importance of homogenization vs. diversification of IG sequences.

To get preliminary data about IGHV variation in a salmonid species, we took advantage of the full genome sequencing of 19 isogenic lines of rainbow trout. These lines were produced using a mitogynogenesis-based strategy by Quillet et al. (36, 37). They represent 19 haplotypes randomly picked from the so-called INRA-SY “synthetic” population. This population was created about 35 years ago by a planned random mating (i.e., panmictic) mixture of French, Danish, and American domestic populations, and has been maintained since without any voluntary selection. The 19 isogenic lines analyzed here do not appear to be closely related to the Swanson trout generated at Washington State University using androgenesis, which has been sequenced and constitutes the reference genome (38, 39).

The numbers of indel and SNP detected within IGHV genes and pseudogenes are indicated in Table 6. Genetic variation between isogenic lines overall appears to be relatively modest at this level. It seems to be more frequent in the locus located in chromosome 13 (67 SNP and 1 indel for 29 functional genes, 41 SNP and 3 indel for 20 pseudogenes) compared to chromosome 12 (23 SNP and no indel for 29 functional genes, and 53 SNP and 10 indel for 51 pseudogenes). The proportion of silent vs. non-silent mutations was not significantly different between the two regions (40NS/67 SNP for chromosome 13 and 13NS/23 SNP for chromosome 12), suggesting that these genes did not evolve under strong positive selection. Indel and SNP were not significantly more frequent in pseudogenes. Variants were filtered to eliminate all assembly artifacts, but these data will have to be fully validated by resequencing, and the impact of variation on the gene status evaluated. We have indications that several new genes are present in productive and expressed rearrangements. This might be due to the absence of such genes in the genome of the Swanson strain or to gaps in the current reference genome assembly. In this context, it is of interest to evaluate the variability of IGHV gene numbers between the different haplotypes. Future assemblies will allow a more accurate description of the IGH diversity and variability. Incompleteness of the annotated repertoire may constitute a problem for repertoire analysis (for example, when a missing gene is used by a clonotype clonally selected in a response). Hence, sequences of genes that are not localized in the current assembly may be added to the IMGT Reference directories sets, providing that sufficient evidence is available to demonstrate their existence and expression. These sequences will be given a provisional name (with S) until their location and presence in the germline genomic sequence are validated. If new genes would appear, which do not belong to any of the IGHV subgroups identified and described in this work, a new subgroup may have to be defined. This is not impossible, but seems to be unlikely since we believe that the large set of IGHV sequences analyzed from Atlantic salmon and rainbow trout probably contains at least one representative of all subgroups. Such additions will be validated by the IG, TR, and MH Nomenclature Sub-Committee (IMGT-NC) (6, 7) of the IUIS Nomenclature Committee2,3, following a procedure analogous to the one used for example for inferred alleles in human.


Table 6. Number of SNP and variants in IGHV genes and pseudogenes across 19 isogenic rainbow trout lines.
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CONCLUSION

Genome assembly is available for both Atlantic salmon and rainbow trout, representing the two main genera of Salmonids (Salmo and Oncorhynchus). More genomic (and transcriptome) data are coming from a number of genomic backgrounds, which will provide a rich source of knowledge about variations of potential antibody repertoires in these species. We therefore revisited the description and annotation of the two IGH loci present in these two species, currently from cDNA and BAC clone sequences, based on the IMGT biocuration and nomenclature for Salmonid IGH genes that will facilitate the analysis of AIRRseq data.

The IG or antibody repertoire sequencing has started to develop both in rainbow trout and in Atlantic salmon, reflecting a growing interest for an accurate and comprehensive description of the response against common pathogens and vaccines. As full genome assemblies are now available for several salmonid species (Atlantic salmon, rainbow trout, coho salmon, and chinook salmon), comparative analysis of the IGH locus structure in these closely related tetraploidized species is of great interest. It also appears very important to investigate the level of variation between germline repertoires of IG genes across commercial and wild salmonid stocks. This variation may have significant implications for practical issues in aquaculture and conservation; it will also be of significant interest for the basic comparative immunology community, in particular to address accurately the mechanisms of gene conversion, somatic hypermutation, and memory in these species and during vertebrate evolution.
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Figure S1. Alignment of the D-GENE-UNIT sequences of the IGHD (diversity) genes located upstream of the IGHM (locus A) and IGHMD (locus B) genes of Salmo salar (Salsal) and Oncorhynchus mykiss (Oncmyk) (A) and located upstream of IGHT genes (B). Genes of the locus B genes are identified by the letter D which follows the gene number. Labels are according to the D-GENE prototype (IMGT Scientific chart > 1. Sequence and 3D structure identification and description > IMGT prototypes table > D-GENE)1.

Figure S2. Alignment of the J-REGION amino acid sequences of the IGHJ (joining) genes located upstream of the IGHM or IGHT (locus A) and IGHMD or IGHTD (locus B) genes of Salmo salar (Salsal) and Oncorhynchus mykiss (Oncmyk). Genes of the locus B are identified by the letter D which follows the gene number. Labels are according to the J-GENE prototype (IMGT Scientific chart > 1. Sequence and 3D structure identification and description > IMGT prototypes table > J-GENE)1. The highly conserved FDYWGKGTXVT motif is pink highlighted and those residues that deviated from it are in red.



FOOTNOTES
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The World Health Organization/International Union of Immunological Societies (WHO/IUIS) Allergen Nomenclature Sub-Committee was established in 1986 by leading allergists to standardize names given to proteins that cause IgE-mediated reactions in humans. The Sub-Committee's objective is to assign unique names to allergens based on a critical analysis of confidentially submitted biochemical and clinical data from researchers, often prior to publication to preserve consistency. The Sub-Committee maintains and revises the database as the understanding of allergens evolves. This report summarizes recent developments that led to updates in classification of cockroach group 1 and 5 allergens to animal as well as environmental and occupational allergens. Interestingly, routes, doses, and frequency of exposure often affects allergenicity as does the biochemical properties of the proteins and similarity to self and other proteins. Information required by the Sub-Committee now is more extensive than previously as technology has improved. Identification of new allergens requires identification of the amino acid sequence and physical characteristics of the protein as well as demonstration of IgE binding from subjects verified by described clinical histories, proof of the presence of the protein in relevant exposure substances, and demonstration of biological activity (skin prick tests, activation of basophils, or mast cells). Names are assigned based on taxonomy with the abbreviation of genus and species and assignment of a number, which reflects the priority of discovery, but more often now, the relationships with homologous proteins in related species.

Keywords: allergen nomenclature, WHO/IUIS, taxonomy, diagnostic, airway, food, dermal


INTRODUCTION

Advances in molecular biology, recombinant protein technology, methods of genomic, and proteomic analysis, structural biology, and high throughput screening have led to a greater understanding of allergenic proteins over the past 30 years. Identification of new allergens and improved characterization dictate the need for revision of some allergens and updated requirements for allergen nomenclature.

In the 1980's key clinical and experimental allergists led by D Marsh at Johns Hopkins University, USA, L Goodfriend (McGill University, Canada), TP King (Rockefeller University, USA), H Lowenstein (University of Copenhagen (Denmark) and TAE Platts-Mills (University of Virginia, USA) framed basic rules for naming allergenic proteins in common allergenic sources (1). Over 2 years they agreed to a strategy of naming allergens based on taxonomy with identification using the first three letters of the genus, the first letter of the species and a number for order of identification. The first allergens were mostly inhalant proteins from pollens of weeds, trees and grasses and a few from animal dander, fungi, and venom proteins from stinging insects. The committee recognized that a systemic standardized nomenclature was needed for consistent identification in scientific publications. The standardized naming of allergens has become a formalized process where allergen names are assigned by the WHO/IUIS Allergen Nomenclature Sub-Committee after a defined submission process that includes data on IgE binding to identified novel target proteins or glycoproteins with the most recent major revision occurring in 2018 (2).

Allergen names are assigned with the first 3 or sometimes 4 letters of the genus, one or sometimes two letters for the species followed by an Arabic numeral, based on order of discovery (2). However, the same Arabic number is often used for conserved protein families in related taxa. Often species have evolved by duplication of genes with mutations including additions or deletion of nucleotides to produce alternative proteins of similar function, resulting in the occurrence of isoallergens as well as isoforms or variants within the individual organism or in related organisms of the same species. The isoallergens are designated by the addition of two digits after the decimal in the number and isoforms or variants by addition of two more digits (e.g., Amb a 1.0101). Since the evolutionary steps involved in generating each new isoform or variant is usually not known, the committee bases designations on the percent identity of amino acids compared to the first identified sequence. Sequences within ~67% identity to the original allergen are designated as isoallergens and sequences differing by <90% identity are isoform or variants.

Expression of recombinant proteins for IgE tests and characterization has led to more accurate identification. Changes to the nomenclature have attempted to incorporate an increased understanding of allergens. Higher resolution studies and isolation techniques of previously defined allergens now shows some to be composed of multiple subunits from different genes; Fel d 1, or multimers; collagen, vicilins, and glycinins. This manuscript focuses on recent challenges and underlying reasons for name assignment by the WHO/IUIS Nomenclature Sub-Committee. We refer those working on allergen identification to Figure 1, from our 2018 publication with references to specific sections in this paper to explain the ideal process (2). The science of allergen determination has improved since 1990, for characterization of allergenic sources, protein sequences, post-translational modification determination, improved methods for measuring IgE binding, mediator release and measurements of specific bioactivity (skin tests and basophil assays). Scientists striving to characterize allergens should be aware of and using techniques appropriate to the types of allergens including those of foods, contact allergens, aeroallergens and venoms or salivary sources of allergy.


[image: Figure 1]
FIGURE 1. Overall allergen characterization for submission to the WHO/IUIS Allergen Nomenclature Sub-Committee for possible name recognition. Figure with copyright allowance from Pomés et al. (2). Numbers are inserted beside key blocks, identifying topical areas and challenges related to our evaluations. (1) Nearly identical repeated sequences confuse characterization of the natural protein. (2) Amino acid identity matches across distant taxonomic relations are unlikely to represent cross-reactive proteins. (3) Native allergens of co-valently linked independent proteins such as Fel d 1 and Ory 3. (4) Carbohydrate IgE binding epitopes (CCD, alpha-gal) are not (yet) named in this system. (5) Studies testing cloned, recombinant proteins without native protein bridging can leave doubts. (6) Biological evidence, either basophil histamine release or activation, or skin prick test with pure protein. (7) Aeroallergen identities in clinical tests are typically not verified in allergen diagnostic testing due to lack of available components. (8) Occupational and food allergen testing typically involve few study subjects.




CHALLENGES FOR FUTURE ALLERGEN NAMES


Repeated Structure of Group 1 Cockroach Allergens Is Not Reflected in Current Allergen Nomenclature

Cockroach allergens from group 1 were difficult to name using the current WHO/IUIS paradigm. Cloning of the DNA encoding for Bla g 1 allergen revealed the existence of multiple DNA repeats encoding approximately 100 amino acids each (3). The molecular structure of Bla g 1 showed that two tandem amino acid repeats form a spherical fold (4). A recent analysis of the Blatella germanica genome (5) suggests there are 5 separate gene products, and each produce 1 to 5, partial or full repeats of the Bla g 1 structural motif. In total, there may be 9 other Bla g 1-like allergens, with 60–90% identity to the Bla g 1 structure. Prior to the genomic data, it was unclear whether the different Bla g 1 polymorphisms derived from a different gene. In addition, there was not a precedent for an allergen with this kind of structure and genomic origin.

Besides cockroaches, it is worthwhile to define new rules for assigning a nomenclature to this type of allergen, given the possibility that Bla g 1-like homologs exist in other sources, such as locusts and mealworms, recently included as food sources. Allergens belong to a selected group of protein families (6, 7), and it is likely that any Bla g 1-like homologs in these sources could also be an allergen. Indeed, a homolog of Bla g 1 was noted in the genome of Locusta migratoria (8). Further examination reveals that there are two genes with 2 and 3 copies of the Bla g 1-like structure, respectively. Other coleopteran species have been proposed as a substitute protein source in place of mammalian meat. A search of genomes of related species revealed that Tribolium castaneum, has one gene with 9 repeats similar to the Bla g 1- structure. This repeated sequence structure is likely to occur in other beetles and there are reported occupational and food allergies reported from a larval beetle (mealworm) of Tenebrio molitor (9). Homologs of Bla g 1 can be found in many other insect species as well (10). So far, the protein(s) responsible for reactions to mealworm are not yet identified except for tropomyosin with homology to shrimp proteins. The structural complexity of allergens like Bla g 1 are not reflected in the current allergen nomenclature. For similar cases, the Allergen Nomenclature Sub-Committee discussed the possibility (not yet approved) of using capital letters behind the allergen name to signify either the different genes from which the allergen originated, or different duplexes derived from a gene (i.e., Bla g 1.0101A). Knowledge of the origin of unique allergen structures may help to define a more informative allergen nomenclature for these unusual allergens.



Group 5 Cockroach Allergens Are Glutathione S-Transferases (GSTs), Consideration of the Degree of Amino Acid Identity

In recent years the WHO/IUIS Sub-Committee has used similar allergen numbers for homologous proteins across related taxonomic groups when possible. Glutathione S-transferases (GST) are common enzymes present in multiple organisms from different taxonomic groups. One of the main functions of GSTs is detoxification by catalyzing the addition of a glutathione (GSH) molecules to other commonly toxic compounds that are ultimately removed from the cell (11, 12). Nine groups of allergens are recognized as GSTs and are listed in the WHO/IUIS Allergen Nomenclature database (www.allergen.org), including those from cockroaches (Bla g 5 and Per a 5), mites (Der p 8, Der f 8 and Blo t 8), helminths (Asc s 13, Asc l 13), fungi (Alt a 13), and plants (Bet v 8) (Figure 2A).
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FIGURE 2. Homologous protein GST allergens are currently categorized as isoallergens with a threshold of 67% amino acid identity although they may belong to different protein classes (sigma, delta, theta, mu). Percent identities are shown. (A) Nine groups of GST allergens from different taxa to understand sequence identities across sources. (B) Cockroach GSTs within German and American cockroaches with known allergens and genomic sequences with comparison of amino acid sequence identities.


In general, homologous allergens from the same species are included in the same allergen group as isoallergens (e.g., Cyn d 1.0101 and Cyn d 1.0201 in Table S1) if they share a suggested threshold of 67% amino acid identity (2). At 67% identity, IgE cross-reactivity is possible. However, naming additional GSTs from cockroach in group 5, has been challenging due to their low sequence identities (down to 18% identity). For those identified as binding IgE, they could be given a different name and number (Figure 2B). We considered these enzymes belong to different protein classes (sigma, delta, theta, mu) as functionally related. The Bla g 5 from German cockroach (Blattella germanica) was the first cockroach GST to be identified (O18598), and it is a sigma class GSTs (11). Additional GSTs from German cockroach have been identified, though these have not been submitted to the WHO/IUIS committee with proof of IgE binding: another sigma GST (EF202178), a theta GST (AEV23882) and two delta GSTs (ABX57814 and AEV23880). Two GSTs from the American cockroach (Periplaneta americana) were identified as binding IgE, and they belong to the delta class of GSTs [MG255130 (13) and AEV23867] and share 99.54% amino acid identity. When these GSTs were submitted, we decided to include them as Per a group 5 proteins even though their identity to Bla g 5 was only 19% identity with Bla g 5. They were named Per a 5.0101 and Per a 5.0102. If other cockroach GSTs are submitted to the database in the future, they will be assigned as isoallergens if fitting within the 67% identity range to the respective group 5 allergens.

GSTs from other species are and have been assigned to other numbers as seen in Figure 2A (Alt a 13, Bet v 8, Asc a 13, Blo t 8, Der p 8 amd Der f 8. Isoallergens of each of these will be assigned, based on sequence comparison, to currently named members of the respective source species. The committee now prefers to retain primary allergen numbers the same across related taxonomic groups, but that is not always possible. It is important to note that while enzyme functions may be retained with great diversity in amino acid sequences, the ability for IgE to bind across those species and meet the criteria of allergenicity is not retained.



Covalently Linked Dimeric Allergens and Allergen Nomenclature

Mammalian allergens of the secretoglobin family are heterodimers, encoded by separate genes. Secretoglobins (SCGB) represent a large protein family found in mammals and marsupials. Common characteristics are secretion in many body fluids, small size, alpha-helical, and dimeric structure creating a hydrophobic binding pocket (14, 15). Major allergens from cat and rabbit are Fel d 1 and Ory c 3. Both are glycosylated heterodimers linked by three disulfid bridges (16, 17). Fel d 1 also forms tetramers composed of two heterodimers. Each protein chain of the heterodimer is encoded by a single gene and both are needed to compose the natural molecule and may be needed for achieving full allergenic activity. The current allergen nomenclature system did not foresee linked heteromeric allergens and the names allocation for Fel d 1 and Ory c 3 were not consistent. Whereas, Fel d 1 is listed as Fel d 1.0101 for the dimer, composed of a chain 1 and a chain 2, products of two separate genes (17), Ory c 3 is listed as 2 isoallergens with Ory c 3.A.0101, chain A (lypophillin CL2) and Ory c 3.B.0101, chain B (lypophillin AL). The nomenclature for Ory c 3 suggests that both isoallergens have to be considered together as a full allergen (17). The two proteins do not exist naturally as monomers and allergenicity can not be assessed individually. The Sub-Committee recently renamed the Fel d 1 proteins as Fel d 1.A.0101 for chain 1 and Fel d 1.B.0101 for chain 2, consistent with the rabbit allergen.

Other examples are recently added allergens, barramundi collagen Lat c 6 and salmon allergen Sal s 6 proteins. Collagen is a triple-stranded rope-like coiled structure, composed of 3 protein chains. Each chain has been given an isoallergen name, despite the fact that they do not exist as monomers. Currently it is only possible to evaluate separate IgE binding if using recombinant monomeric proteins and thus it is not possible to assess the allergenicity of each of the entire native proteins. The committee may reevaluate this policy in the future.



Carbohydrates, New Allergen Epitopes Not Represented in the Allergen Nomenclature Database

Cross-reactive carbohydrate determinants (CCDs) are carbohydrate epitopes carrying an α-1,3-fucose and, or β 1,2 xylose on complex carbohydrates of some glycoproteins are the main targets of IgE recognition. They are present on many plant and insect proteins and responsible for extensive IgE cross-reactivity between different allergen sources (18). However, there is a general consensus that those glycans do not trigger noticeable clinical symptoms. Two other carbohydrate groups have been associated with food allergy and anaphylaxis (19). Galactose-α-1,3-galactose (α-gal), a carbohydrate present on mammalian proteins, has been reported to trigger delayed severe allergic reactions to red meat and to induce acute allergic reactions upon injection of therapeutic antibodies carrying α-gal (20, 21). Galacto-oligosaccharides (GOS) are heat-stable, non-digestable carbohydrates present in milk formula and as supplement in different beverages. Food allergy to GOS are reported in Singapore, Vietnam and Japan (19). The structure and characterization of carbohydrates that are the reported targets of IgE binding have not been demonstrated, although they have been assumed to be related to the synthesis of GOS complexes. Recent work failed to identify the structures or link them to activation of basophils (22). In contrast to α-gal, the GOS carbohydrates have not been linked to a protein backbone (19). So far, only allergens representing protein epitopes have been named by the WHO/IUIS Nomenclature Sub-Committee. The committee is currently considering whether there is enough definition of carbohydrate epitopes to provide unique names and whether names would be scientifically useful.



Updating Existing Allergen Entries Named From Partial Allergen Sequences

Some allergens are characterized based on peptide sequences from native molecules. In some cases, full-lengh sequences were not available, but are based on peptide matches to genomic sequences. That was the case for fish allergens, enolase Sal s 2 and aldolase Sal s 3 from salmon (Salmon salar) based on public genomic sequences (23). For the salmon allergens Sal s 2 and Sal s 3, complete sequences were attributed without testing of the allergenic properties of the corresponding proteins. In the future, we recommend that an alignment of the complete sequences of natural or recombinant protein be used to determine IgE binding be compared to the genome sequence, or at the least, a test of the recombinant protein be comparison to the native counterpart. Importantly, different isoforms and variants can exist in the same source and although highly similar, those proteins can differ in their allergenic potency (24). Verified information will be added to the existing database entry in order to further improve its quality.



Numbering of Allergens

The allergen nomenclature system was originally based on the order of allergen discovery to provide the allergen number, but the commitee recognized the conservation of sequences and structures are important. But sometimes, very similar allergens from related species receive different numbers (e.g., Fel d 2 and Can f 3) (25). It would be disruptive to change allergen names after a number of publications have used established allergen names and only allergen numbers have been revised and changed in a few cases (26).




OVERVIEW OF OUTDOOR ENVIRONMENTAL AEROALLERGENS

Most outdoor aeroallergens are derived from grass, weed and tree pollen or fungal spore sources. Although Blackley discovered that pollen caused hay fever in the nineteenth century (27), it was not until allergenic fractions were purified by chromatography from ryegrass pollen in the 1960s (28) and cloned in 1990s (29) that the first pollen allergens were characterized. Because the sources are typically not recognized due to small sizes of pollen (10–50 microns) and mold spores (2–50 microns), there is often uncertainty regarding the causal link between exposure to a given species and allergic reactions. This is specifally difficult given the cross-reactivities that exists among allergens from different species.

The IUIS Allergen Nomenclature Subcommittee recognize 43, 55, and 45 allergens for pollen of grasses, trees and weeds, respectively. Another four pollen allergens of herbaceous plants included; Lig v 1 of Ligustrum vulgare (Common privet), Syr v 1 and Syr v 3 of Syringa vulgaris (Lilac) and Hum j 1 of Humulus japonicus (Japanese hop).

Grass pollen allergens belong to 12 different protein families. The most abundant proteins of mature pollen that elicits a high frequency of IgE reactivity are the major group 1 beta-expansin allergens. The purpose of beta-expansins is to degrade cell walls and allow pollen tube extension which is essential for fertilization. A number of IgE and T cell epitope regions are found in close proximity with the enzymatic domain and specifically the HFD motif of the N terminal domain (30–32). While allergens of temperate grass pollens were characterized in 1990s, allergens of subtropical grass pollens continue to emerge. Grass pollen group 1 allergens among the Pooideae temperate grasses share between 84 and 91% amino acid identity, while subtropical grasses of Panicoideae, Chloridoideae, and Oryzoideae share between 49 and 86% identity (Table S1). Separate gene loci encode multiple Poaceae group 1 isoforms. The pollen expansin proteins show significant sequence diversity, but they apparently share similar functions exemplified by Cyn d 1 and Sor h 1 isoform diversity (Table S1). While research shows that there is IgE and T cell cross-reactivity between group 1 and group 5 grass pollen allergens across broad taxa, their heterogeneity contributes to the diversity of immune recognition (33, 34). The most recently listed (grass pollen allergen is Uro m 1 of the subtropical Panicoideae grass Urochloa mutica (Para grass). Group 2 and 3 grass pollen allergens share approximately 30% identity with the carboxyl domain of the beta-expansin protein family. Consequently, grass pollen group 2/3 pollen allergens are smaller in size (10–12 kDa), but their function is unknown. Sor h 2 and Ory s 2 are described in subtropical species, but their clinical importance is less well-demonstrated. Several isoforms and multiple variants exist for Group 5 allergens (e.g., for Phl p 5) and these share between 53 and 78% identity between six species for which these allergens have been characterized (Table S2). Group 5 allergens are absent from subtropical grass pollen.

Weed pollen allergens arise from 16 species including ragweed (Ambrosia artemisiifolia), mugwort (Artemisia vulgaris), pellitory (Parietaria judaica), amaranth, thistle (Salsola kali), and sunflower (Helianthus annuus) and belong to 10 allergen families. Clinically important allergens of the Asteraceae family include pectate lyases (Amb a 1 and Art v 6), defensin-like proteins (Amb a 4 and Art v 1), non-specific lipid transfer proteins (Art v 3 and Par j 2), whereas allergens of the Amaranthaceae family include Ole e 1-like proteins and Che a 1, and pectin methylesterase (Sal k 1).

Trees from multiple orders; Fagales; for example, Birch (Betula verrucosa), Lamiales; Ash (Fraxinus excelsior) and Olive (Olea europaea), Proteales; Plane (Plantanus acerifolia) and Cupressales; Japanese Cedar (Cryptomeria japonica), encompassing 21 species contribute allergens belonging to 18 protein families. Clinically important allergens include Pathogenesis Related protein-10 (Bet v 1, Ole e 1-like protein); Fra e 1, polygalacturonase; Cry j 2 and Pla a 2, and pectate lyase; Cry j 1. Profilins are ubiquitous and highly conserved in sequence and structure (e.g., Phl p 12, Amb a 8 and Bet v 2) and polcalcins (Phl p 7, Amb a 9, and Ole e 8) are pan-allergens common to grass, weed and tree pollen, though these allergens are generally less potent than PR-10 proteins.

A variety of fungi produce the 112 listed WHO/IUIS allergens from as many as 36 protein families. While fungal hyphae or spores may be used as food or drug sources, many are common sources of indoor and outdoor allergy and a small number colonize human tissues including skin and lungs. Spores of 15 Ascomycota species belonging to diverse fungal families; Aspergillaceae, Cladosporiaceae, Didymellaceae, Nectriaceae, and Pleosporaceae produce 72 airborne outdoor fungal spore allergens. There are 23 allergens listed for Aspergillus fumigatus including the ribotoxin (Asp f 1), peroxisomal protein (Asp f 3), metalloprotease (Asp f 5), cyclophilin (Asp f 11), vacuolar serine protease (Asp f 18), and enolase (Asp f 22), which are all major allergens. Alternaria alternata spores, one of commonly recognized fungal spores contains 12 listed allergens including its major allergens (Alt a 1), and, a glutathione S transferase (Alt a 13).



OVERVIEW OF OCCUPATIONAL ALLERGENS FROM FOOD SOURCES

Occupational sensitization has been observed for centuries in historical and medical writings. The first description of baker's asthma was probably by Ramazini around 1700; the first report of allergic responses to fish was in 1937 by De Besche relating to a fisherman who developed allergic symptoms when handling codfish (35). Sensitization to allergens at the workplace occurs usually via the skin or the respiratory tract. Resulting cutaneous and respiratory diseases are a global health problem, with an estimate that 25% of all asthma cases related to work (36).

The most common workplace allergens are relatively high-molecular-weight proteins derived from cereal flour, natural rubber latex, wood dust, livestock and laboratory animals, seafood, industrial enzymes and mold (37). Animal and vegetable high-molecular-weight proteins present in the aerosol and often in aerosolized foods during food processing are the main inhalant allergen sources. This type of IgE-mediated respiratory food allergy usually does not generate any symptoms upon ingestion of the source material and is suggested to reflect a new type of allergy, termed Class 3 food allergy (37).

Over 400 occupational allergenic sources are identified and documented as sensitizers, derived from plants, animals and microbes. However, few have been characterized on the molecular level and only a limited number of purified native or recombinant allergens are available for testing (37). The current WHO/IUIS database categorizes allergens by typical route of exposure. However, in the case of occupational allergens the specific route is often not clear, and the route of sensitization may differ from the common route of elicitation and may be listed as “unknown.”

A good example of the complex nature of identifying “occupational allergens” among plants is wheat (Triticum aestivum), where 28 allergens are registered with the WHO/IUIS, however only 13 are confirmed food allergens. The route of sensitization is categorized as “unknown” for 15, with 14 being relevant in baker's asthma and several allergens are relevant for grass-pollen cross-reactivity, including profilin (Tri a 12) and a subunit of the tetrameric heterologous a-amylase inhibitor chloroform/methanol-soluble CM17 protein (Tri a 40).

Among animal derived allergens, tropomyosin is an abundant and clear food allergen from crustacean shellfish and molluscs that is also implicated in IgE binding and possibly in triggering airway allergy from mites and some insects. In vitro IgE binding studies and skin tests without clear clinical histories of the patient can lead to uncertain diagnosis due to high amino acid homology across diverse taxonomic groups. Clear differentiation is often only possible if IgE inhibition studies are performed and verification of biological activity. Dose and exposure are important. The relevance of IgE binding to environmental sources (house dust mite, cockroach and other organisms) often leads to speculation about route of exposure in sensitization. Of the 35 registered tropomyosins, 22 are known food allergens, while 13 are not known to cause food allergies. Of these 10 are derived from insects or mites and the route of sensitization is most likely via inhalation. Among the food allergens 19 tropomyosin are derived from different seafood species and are relevant occupational allergens, however not identified as such (38). Some animal allergens are not commonly recognized by patients or clinicians due to limited exposure for most people to the source. Hemoglobins from the insect “harlequin fly larvae,” Chironomus thummii bind IgE from sera of those who raise the insects for fish food (39). A few recent cases of occupational allergy have been noted for workers who raise mealworms (Tenebrio molitor) as a source of protein for processed human food (9, 40). Some individuals have been newly sensitized at work, while for others it appears, they were sensitized by consumption of shrimp or other crustaceans. Highly conserved tropomyosin and a few enzymes such as arginine kinase may be responsible for cross reactivity.

Many other foods have been reported in single case reports as the cause of occupational allergies and asthma, and sensitization by inhaled allergen exposure is therefore quite likely (41). Importantly, though these proteins may be tolerated during exposure by one route or by most people, they may not be tolerated if exposure occurs differently and as such, the WHO/IUIS nomenclature committee has not asked for in vivo proof that new allergens illicit allergic responses to date, only in vitro evidence and a good clinical history of symptoms.



SUMMARY AND CONCLUSIONS

Though molecular and scientific advances have led to improved characterization of allergens and with-it increased clarity in naming and categorizing them, the heterogeneous nature of human data remains a challenge. This Sub-Committee has in the past asked for minimal data characterizing protein sequences, clinical symptoms of serum donors or test subjects, IgE binding and allergic functionality. We see great diversity in data submitted with candidate proteins. Our recent publications are intended to help researchers focus on relevant questions to improve the evidence that individual proteins are allergens, and not simply cross-reactive in IgE binding with only mild clinical consequences. Sequences of the allergens and demonstration of IgE binding from relevant symptomatic individuals are essential for defining allergens. Some researchers would like to simply submit to the Sub-Committee information about recombinant proteins based only on genomic sequences of potential allergen sources. While that activity may help predict possible allergens, our goal is to call for direct proof of allergenicity using subjects with clear clinical reactivity to source materials, and with clear IgE binding to proteins presented at representative concentrations.

The purpose of the allergen nomenclature system is to help researchers, clinicians, pharmaceutical companies, regulators, and the public clearly understand the identity of clinically important allergens for diagnosis and to help ensure compliance for improved safety.

However, our system is not perfect. Recent research shows that some specific glycans are important allergens including α-gal that is bound to tick and mammalian proteins and to glycol-lipids. We do not define these structures as allergens but hope to help publicize risks and educate consumers and allergists about risks.
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Mammalian immunoglobulin (IG) genes are found in complex loci that contain hundreds of highly similar pseudogenes, functional genes and repetitive elements, which has made their investigation particularly challenging. High-throughput sequencing has provided new avenues for the investigation of these loci, and has recently been applied to study the IG genes of important inbred mouse strains, revealing unexpected differences between their IG loci. This demonstrated that the structural differences are of such magnitude that they call into question the merits of the current mouse IG gene nomenclatures. Three nomenclatures for the mouse IG heavy chain locus (Igh) are presently in use, and they are all positional nomenclatures using the C57BL/6 genome reference sequence as their template. The continued use of these nomenclatures requires that genes of other inbred strains be confidently identified as allelic variants of C57BL/6 genes, but this is clearly impossible. The unusual breeding histories of inbred mouse strains mean that, regardless of the genetics of wild mice, no single ancestral origin for the IG loci exists for laboratory mice. Here we present a general discussion of the challenges this presents for any IG nomenclature. Furthermore, we describe principles that could be followed in the formulation of a solution to these challenges. Finally, we propose a non-positional nomenclature that accords with the guidelines of the International Mouse Nomenclature Committee, and outline strategies that can be adopted to meet the nomenclature challenges if three systems are to give way to a new one.
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INTRODUCTION

The generation of antibody diversity relies in part on the use of genes from extensive gene families residing in the immunoglobulin (IG) loci of the mammalian genome. Remarkably, a comprehensive understanding of the organization of these gene sets emerged long before a detailed knowledge of antibody gene sequences was available (1, 2), and much of the research that led to this understanding was performed in mice. The IG gene loci – being polymorphic and polygenic—are especially complex, which has created challenges for the development of a gene nomenclature that is both logical and sustainable. This manuscript presents a new proposal to meet this challenge.

Mouse antibody polypeptide chains, and the genes that encode them, were first identified using mineral-oil induced plasmacytoma cell lines derived from BALB/c mice (3). It was soon realized that functional mouse IG heavy and kappa light chain variable (Ighv, Igkv) genes exist as multigene families (4, 5). Ighv genes, e.g., belong to 15 gene families (5, 6), and the first names given to the Igkv and Ighv gene families came from the names of the cell lines that were used in their identification. For example, the anti-dextran antibody-producing cell line J558 was used to generate a DNA probe by which a family of Ighv genes was identified by Southern blot analysis (7). This family was subsequently termed “J558,” and today is generally known as the Ighv1 family.

Ighv gene probes were also used in Southern blot analysis to explore the loci of different inbred mouse strains, with eight different haplotypes being identified (7). This expanded a system of classification that began with serologically-defined allotypic variation in the immunoglobulin constant regions (8). In this system, the BALB/c and C57BL/6 Igh haplotypes were designated Igha and Ighb, respectively.

Although a later investigation of 72 inbred mouse strains found that 13 strains carried variant haplotypes involving substantial structural variation (9), broad similarities were believed to exist between the Igh loci of strains carrying shared haplotypes (6, 10). After the sequencing and annotation of the Igk locus (11, 12) and the Igh locus (13, 14) of the C57BL/6 strain, the earlier Southern blot studies provided justification for comparisons of sequences from other strains with those of the C57BL/6 reference genome, and for the identification of sequences as allelic variants of their most similar sequences in the reference genome. The sequencing of the loci also led to the development of new nomenclatures for both the heavy (14–16) and the light chain (17). Discussion here will focus on the nomenclature of the variable genes of the heavy chain, Ighv.

A positional nomenclature was developed by the International ImMunoGeneTics Information System (IMGT) group (18), based upon the mouse genome reference sequence (C57BL/6), in which each gene was assigned a name reflecting its gene family, and the sequential position of the gene within the locus from proximal to distal positions, relative to other genes of that family. The most proximal gene of a family was given the position number “1,” counting up to the most distally located gene in that family, which was given the number equalling the total number of genes in that family (a scheme referred to as family-centric below, also see Figure 1). This is different to the IMGT nomenclature for human IGHV genes, in which the position number refers to the position of the gene within the entire set of IGHV genes, with the most proximal gene being numbered “1,” and the most distal gene being numbered “81” (referred to as locus-centric scheme below). In the IMGT nomenclature, the locus name is included in the gene name (e.g., IGHV1-18), and the old Ighv family names are replaced with a numbering system proposed by Honjo and Matsuda (19).


[image: Figure 1]
FIGURE 1. Visualized scheme of three nomenclature strategies, using a hypothetical locus encompassing seven V genes (labeled V1–V7) belonging to three V gene families (indicated as red, blue, green). The year of the first report is indicated above the genes. The (D)JC region is shown as a yellow box and provides orientation for the positional strategies. The designations beneath the individual V genes follow the <family>–<member> format discussed in the text. To increase the readability, the <stem> component has been omitted from the designations, as it would be identical for all designations, since only a single locus is shown here. For better clarity, gene family designations are also indicated by text color.


A positional nomenclature was also developed by Johnston and colleagues, based upon their alternative genome assembly of the C57BL/6 Igh locus (14). The Johnston nomenclature utilizes the earlier gene family names (7183, J558, 36-60, etc.), a number representing the position of the gene within the gene family, and a second number representing the position of the gene amongst all genes of the locus (e.g., J558.31.121, 7183.7.10). In this nomenclature, pseudogenes are indicated by an additional “pg” tag (e.g., 36-60.7pg.72). A study of the Ighv locus of the 129S1 strain led to the development of a variant of the Johnston nomenclature by Retter et al. (16). While still following the basic rules set by Johnston et al., Retter et al. constructed the names using a locus descriptor (“VH”), the earlier Ighv gene family name, a letter referring to the Igh haplotype of the inbred strain, a number representing the position of the gene within the gene family, followed by the “psi” tag for pseudogenes, and a second number denoting the position of the gene within the locus (e.g., VH7183.a3psi.5). Both the Johnston and the Retter reference data sets can be readily accessed for analysis e.g., via IgBLAST (20). Finally, while Retter and colleagues also developed a further designation system for their VBASE2 sequence repository (21), it should be noted that we consider these to be primarily sequence identifiers, rather than a genetic nomenclature in the strict sense.

All three mouse nomenclatures are currently in use, and all are challenged by recent findings that show that there are substantial differences, including structural differences, between the Igh loci of different classical inbred mouse strains (22). It has been proposed that the differences between the genes of the BALB/c and C57BL/6 strains could have resulted from their loci having originated in different subspecies of the house mouse (22). However, investigations of Ighv genes in wild-derived strains now suggest this is not the case (23). Instead, the Ighv loci of classical inbred strains appear to be mosaics, made up of many relatively short haplotype blocks that may have their origins in disparate subspecies of the house mouse, and even in other Mus species.

The discovery of variation in BALB/c and wild-derived strains was made using inferential techniques. These techniques are widely used in human and other species to identify allelic variants (24–26), but it is already clear that it will not be possible to unequivocally associate most inferred variants in the mouse to any particular gene in the C57BL/6 genome reference sequence (22, 23). For example, amongst the set of inferred BALB/c Ighv sequences, there are instances in which three or more sequences are most closely aligned with a single C57BL/6 Ighv gene. In such circumstances, it is impossible to discern whether these BALB/c sequences represent allelic variants of the C57BL/6 genes or distinct gene loci.

It therefore has become increasingly clear that, given the extent of IG diversity likely to be encountered among commonly used inbred mouse strains, our ability to effectively characterize and catalog mouse IG genes and alleles will be constrained by the current nomenclature systems. There is therefore a clear requirement for a new, more flexible nomenclature that will better meet the needs of the community. Here, in light of the challenges we face with the curation of mouse IG sequencing data, we discuss the key aspects that should be considered in the establishment of any nomenclature system. We use this discussion to motivate the proposal of a new non-positional mouse IG nomenclature.



CONSIDERATION FOR A NEW MOUSE IG NOMENCLATURE


Challenges and Constraints

Before considering the specifics of Igh nomenclature, it is worthwhile to consider what gene symbols (27) and their use must, should and should not try to achieve. Note that gene names (27) (e.g., Immunoglobulin Heavy Variable 1–2) will not be discussed separately here, as they are rarely used in scientific communication, and gene symbols (e.g., IGHV1-2) are synonymous with them. Gene symbols in general aim to provide designations to hereditary units, which in virtually all cases refer to specific physical regions in the genome. This nowadays often translates into linear base-pair sequences. Gene symbols serve as handles for this information, and have to balance three interdependent properties (Figure 2): a symbol should be unique (i.e., refer to a single specific gene), human-decodable and short enough for everyday use. The criterion of human-decodability requires a formalized system, e.g., that all IG symbols start with “Ig.” This creates redundancy and thus reduces the potential information content. In combination with the limited length for a symbol—the International Committee on Standardized Genetic Nomenclature for Mice (IMNC) [https://perma.cc/6F9S-6H4U] recommends a maximum of ten characters (27, 28)—this means that the overall information content of a symbol is limited. From this it follows that a gene symbol should encode only the minimal information required for the unambiguous identification of each particular gene. We will refer to this conclusion as the lean designator principle below.


[image: Figure 2]
FIGURE 2. Ternary plot depicting the constraints for gene symbols. The individual properties and their boundaries are located on the three corners. The minimal information content is based on the requirement to be able to encode at least 4 loci, 3 different types of gene segments (V, D, J), 32 gene families and 1024 members. The 10 character limit (usability) is based on current IMNC guidelines. The limits for human readability are a compromise between standard English language entropy (≈ 1 bit per character) and pure numerical representation (3.3 bit per character). Examples that optimize two properties (shown in green) at the expense of the third one (red) are shown on the median of the respective edges.


Based on these theoretical limitations, we now need to consider what information a gene symbol should not attempt to encode. Firstly, a gene symbol is not required to be a synonym for a specific physical location on the genome (e.g., “Chromosome 12; BPs 114,048,536-114,048,547”). Indeed, before the current era, in which the complete sequencing of genomes is now commonplace, having a fine-grained physical mapping for a gene in an organism was the exception rather than the rule. Secondly, a gene symbol is not expected to be used without some biological context. This implies, on the one hand, that it should not encode information that can be stored and accessed elsewhere using the gene symbol as identifier (e.g., from a reference database). On the other hand, it means that a gene symbol is not a globally unique identifier, but only a unique identifier within a single organism, as it is safe to assume that the biological context provides knowledge of the species. Thirdly, harmonizing gene symbols between organisms has been a long-standing but ultimately futile endeavor. It is critical to recognize that any attempt at harmonization is at variance with the lean designator principle, as it tries to encode non-essential information about communality within a gene symbol.

With this basic theoretical understanding regarding the general design of gene symbols, we now need to understand how these symbols are best assigned to real-life data. While the following considerations can—in theory—be applied to all genetic loci, they are clearly most relevant to loci harboring large ensembles of genes from one or multiple related gene families (e.g., immunoglobulins). We will refer hereafter to these loci as “polymorphic, polygenic and repetitive loci” (PPRL). As discussed in the Introduction, various individuals of a species can exhibit substantial diversity in the form of single nucleotide polymorphisms (SNPs) as well as larger structural variants (SVs; e.g., deletions and duplications). Therefore, the sequencing of a PPRL in a new individual will often result in the observation of novel sequence variants for a number of genes. The frequently employed naming paradigm for such new genes is to lump, i.e., to assign the gene symbol of the closest related known gene to the novel sequence. However, this operation implies that it is most likely that the two sequences are allelic variants of the same gene, which is a claim that should require evidence in its support or otherwise be rejected. Importantly, with the increased structural variation observed in PPRL, the alternative scenario of a paralogous relationship existing between two observed sequences not only becomes more likely, it also becomes more challenging to detect due to the high redundancy of the surrounding sequences. In these cases, the opposite naming paradigm of splitting, i.e., assigning new gene symbols to a novel sequence, unless the allelic relationship of two sequences is proven beyond doubt, should be the preferred mode of action. While both naming paradigms can exhibit false-positive and false-negative errors, the key consideration should always be to protect the integrity of the scientific record in the most reliable manner. The consequence of these different errors is illustrated by the following complementary scenarios:

• False-negative gene assignment: a novel sequence is observed, which has a high but not perfect homology to a known gene. Under the lump paradigm, the sequence is assigned the gene symbol of the closest related known gene and considered to be an allelic variant of it. Five years later, it is recognized that the two “alleles” instead represent distinct genes. Therefore the more recently characterized sequence is given a new gene designation and the initially assigned allele symbol is retired. All past scholarly communication that does not clearly provide an allele designation will require reconsideration as the report could be referring to either gene. Continued use of the initial faulty nomenclature will continue to create confusion.

• False-positive gene assignment: As above, a novel sequence is observed, which has a high but not perfect homology to a known gene. Under the split paradigm, the sequence is assigned a new gene name. Five years later, it is recognized that the two “genes” actually represent alleles of the same gene. Therefore the initial designation is now retired and the newly assigned allele symbol is linked to the older designation. All scholarly communication using the erroneously assigned gene symbol can be easily understood. Continued use of the erroneously assigned designation is bad practice but not harmful.

These examples show that the potential loss of information regarding “inheritance by descent” in the split paradigm can be dealt with more easily than the lack of accuracy imposed by the lump paradigm.

The complexity of PPRLs might also require a revision of the current allele designation strategy: The IMNC currently assigns lower-case letters to mouse alleles of all loci, which are based on the reference strain in which a given sequence is observed. Importantly, this system mixes allele information with haplotype information. While this might be appropriate for stable parts of the genome, recent studies (23) suggest that novel haplotypes of the Igh locus will likely be identified with the analysis of each new inbred strain. This creates a situation in which multiple distinct haplotypes can share the same sequence. This is an example of the inappropriate use of gene symbols whereby too much information is being encoded in too little space, based on the assumption of relatively high stability and homogeneity between strains. Haplotypes are better stored in reference databases and/or the metadata for an allele, rather than in the allele symbol. We believe that this should be implemented in any new IG allele nomenclature.

Finally, it should be noted that gene symbols should follow the general nomenclature guidelines for a given species. This not only reduces potential ambiguity in scholarly communication and facilitates simplified distinctions between species (e.g., human and mouse), but it also allows for automated formatting. Of note, the nomenclatures of Johnston et al., Retter et al. and IMGT all fail to comply with IMNC guidelines. The nomenclatures of Johnston et al. and Retter et al. use punctuation, while the IMGT nomenclature uses gene symbols in all-caps with a numeric representation of alleles. All these features are at variance with IMNC guidelines.

In summary, we hope that we have established five central aspects for the curation of sequences in PPRL. Firstly, gene symbols need to be human-decodable, hence overall information needs to be minimized. Secondly, the best way for gene symbols to be human-decodable is to consider them to be designations for sequences, and nothing else. Thirdly, gene assignments should in general follow the split paradigm, as it is more robust to changes over time. Fourthly, the IMNC-recommended mouse allele nomenclature needs revision. Finally, gene symbols need to follow the established nomenclature rules for a given species.



Potential Numbering Strategies

The IMNC-recommended way to assign symbols to individual genes of a gene family follows a <stem><family><member> format (27), in which the <stem> field denotes the super-group of genes, the <family> field indicates the gene family and <member> the individual gene. The <stem> gene super-group usually closely follows the common concept of a “gene locus,” e.g., Ighv, the special case of off-loci genes will be discussed separately below. However, there is no common standard stating whether <family> and <member> should be represented by letters or Arabic numerals: Protocadherins (Pcdh) use a “Letter Number” format, olfactory receptors (Olfr) use “Number Letter Number” in humans, but only numbers in mice. The Human Genome Nomenclature Committee (HGNC)-approved IMGT naming scheme for human IG and TR uses a “Number – Number” format, in which the fields are separated by a hyphen (the usage of which is explicitly allowed by HGNC for these loci). As there is no general problem with this format, we believe this component of the nomenclature should be retained.

The assignment of individual genes to families is usually based on arbitrary thresholds of sequence homology. However, it should be noted that this assignment procedure constitutes a non-trivial partitioning problem, especially when facing an increasing number of elements. As a detailed discussion of this problem is beyond the scope of this manuscript, we will assume that these assignments can be performed in a deterministic and stable fashion. An assignment is considered deterministic if each element will always be assigned to the same family, and stable if the addition of an n + 1th element does not alter the assignments of any of the other n elements.

There are multiple ways in which the number in the <member> field can be assigned and most of the existing strategies reflect differing responses to two questions:


1. Should the <member> field indicate the position of the gene in its locus, based on a reference genome assembly (“positional”), or just be assigned in an incremental way (“sequential”), e.g., according to the order of discovery?

2. Does the <member> field partition the namespace of all genes of the locus (locus-centric) or just the namespace of the members in a given family (family-centric)?



In the past—as discussed in the introduction—a multitude of approaches have been used for PPRL in general and for the IG loci in particular. These are depicted in a schematic way in Figure 1.

It is critical to recognize that positional schemes are problematic in general and especially when used for nomenclature of PPRL. Firstly, they violate the lean designator principle as by definition they encode positional information that is not strictly necessary for the gene symbol. Secondly, as they struggle to deal with duplications and other additive SVs, they are not well suited for application of the split paradigm, which we have established is appropriate for any PPRL nomenclature. Thirdly, not only do they encourage the use of the lump paradigm, but they also fail catastrophically once a downstream split is required. This is due to the fact that a split within an—initially—positional scheme requires an extension of the format to perform the required subpartitioning, which then by itself can lead the positional numbering ad absurdum (e.g., if Ighv1-23a and Ighv1-23b are not located next to each other). Finally, positional schemes usually assume that all genes are located in a single continuous locus, which—as discussed below—might not be the case. Because of these problems, we believe that only a sequential scheme can provide the flexibility required by PPRLs.

In regard to the question of which space the <member> field should actually partition, we favor a locus-centric scheme as this means that the <member> field becomes a unique identifier for a given gene, independent of the gene family assignment. This not only provides for more error-tolerant designations, as no two families share a gene with the same <member> field, but it also allows for more flexibility should a reassignment of families become necessary.

Having decided on a sequential and locus-centric scheme, we must now consider the actual assignment procedure that would be performed once a novel sequence is observed. As we have argued before, we should assume incomplete knowledge of the locus structure and therefore in general follow a split rather than a lump paradigm. Assuming that a novel sequence can always be grouped into a family, a new member number should therefore be assigned by default. However, this does not mean that all pre-existing information needs to be rejected. Taken to the extreme, such a rejection would mean that sequences from a well-known line of an inbred mouse strain that had been kept for numerous generations at a particular facility, would all need to be assigned new gene designations, as there may have been genetic divergence of the colony since its founding. We therefore consider it prudent to introduce a principle of parsimony, which implies that above a certain threshold, “Identity by descent” of two sequences will be considered to be likely. To maintain the stringency of this approach, we propose setting the threshold at 100% identity of the coding sequence. This allows on the one hand to collapse the majority of sequences observed when re-sequencing lines of existing strains but on the other hand follows the split paradigm as closely as possible. While thresholds slightly below 100% might seem attractive, as they could accommodate potential sequencing errors, we reject such thresholds as being arbitrary and situations are known to exist where two genes reside at distinct genomic locations but differ by just a single nucleotide. Furthermore, we consider both sequencing and inference technologies to be advanced enough by now that appropriate error correction should be in place.

In summary, we here propose a sequential and locus-centric nomenclature based on a parsimonious split paradigm.



 Handling of Existing Designations

The introduction of a revised nomenclature naturally raises the question of how to handle legacy designations. In general, as the current IMGT designations of C57BL/6 genes do not contain any obvious errors, these names should remain in place. However, all other alleles that are not present in GRCm38 should be subject to renaming, based on the scheme described here. The strict use of IMNC formatting will avoid potential confusion by clearly distinguishing legacy IMGT names from revised names. In addition, use of an initial value for the <member> field of 200 or above would avoid collisions in cases where the IMNC formatting is not used.

The proposed consecutive assignment of gene numbers might for some readers be reminiscent of the “S”-nomenclature used by IMGT for many unmapped sequences. This could lead to the perception that the “S”-nomenclature might present a more conservative way of addressing the existing nomenclature problems than the much more drastic revised nomenclature proposed here. However, it should be pointed out that IMGT considers the “S”-nomenclature to be a temporary designation that precedes the assignment of a positional-based gene symbol. In contrast to this, the nomenclature proposed here rejects the presumption that we will be able to map relevant genes with sufficient certainty.

The nomenclature for so-called “orphaned” V genes also needs to be addressed. These are genes residing at substantial distance from the main gene loci, often on other chromosomes. There are two general strategies that might be used to handle these genes, based on the concept of what the <stem> field refers to. On the one hand, the <stem> field could designate a single and continuous physical location in the genome. In this case, e.g., the “Igh” prefix would be considered a shorthand for “Chromosome 12; BPs 113,225,000-116,024,999,” and all genes outside of this region would bear another designation. Based on strategies used for other gene families, these genes could for example be prefixed as “Ighvl” (“Immunoglobulin heavy variable-like”). On the other hand, <stem> could be considered a designation that a gene is part of a super-group of gene families (based on homology), with information about the physical location being stored elsewhere. In this case, “orphaned” genes would use the usual <stem> (e.g., “Ighv”), a <family> number based on the general homology thresholds as discussed above and unique < member> number. It should be noted that IMNC defines a “locus” as a mappable “point in the genome” (27) and both concepts of the <stem> field are compatible with this definition. The main differences between the two concepts are based on the interpretation of a locus as a continuous region vs. the grouping of genes based on homology independent of their location in the genome. As the currently available data does not show support for any claimed utilization of “orphaned” genes in V(D)J rearrangements, we think that lean designator principle is eclipsed by the aim of a stricter definition of the locus. Therefore we would argue for the reassignment of the off-loci genes as “-likes.”




THE WAY FORWARD

The challenges to existing nomenclatures that stimulated this manuscript were studies that identified new mouse IG genes by inference from rearranged V(D)J sequences, rather than new genes that were identified by genomic sequencing. As we expect that the inference process will likely dominate mouse IG gene studies for some time, we believe that the development of a new nomenclature should go hand in hand with the development of a system for the validation of inferences by the research community. Procedures have recently been established for the validation of genes of the human IGH locus, through the establishment of the Inferred Allele Review Committee [IARC; (29)]. We would like to propose the creation of a Mouse Immunoglobulin Gene and Allele Review Committee, in cooperation with IMGT, IMNC and the AIRR Community, and under the auspices of the International Union of Immunological Societies (IUIS) Nomenclature Committee.

In conclusion, we hope that this proposal will stimulate discussion among and action by the stakeholders involved in the mouse IG nomenclature, to resolve these critical issues. Long live Igh!
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SUMMARY

The human genome contains some 23,000 genes. Many of these are important in immunology and we have witnessed a very large increase in the characterization of novel genes important in the function of the immune system. Along with these discoveries, issues related to nomenclature have arisen. Often the names proposed for these novel genes and the proteins they encode result in confusion for a new field of research. Here I explain how nomenclature can also help bring important biological insights into the functions of cytokines and chemokines.



INTRODUCTION

Immunology has advanced dramatically in the last 30 years and along with this progress we have witnessed the identification of many novel genes encoding proteins that have important functions in the immune system. Among these are the cytokines, which represent small secreted proteins (10–30 KDa) that are typically produced by cells of the immune system upon activation, and which play pivotal roles in the development and control of immune responses. The history of the cytokines starts in the second half of the 1970's when many groups realized that activated lymphocytes produced secreted proteins that had dramatic effects on other leukocytes. The typical experiment involved the activation of spleen cells with mitogens and the characterization of the biological activities of the supernatants derived thereof. The soluble mediators were given names of the assays that detected their activities like “macrophage activation factor” or “macrophage inhibitory factor.” Several teams started to apply biochemical efforts to distinguish or molecularly characterize the mediators of these activities and this led to the realization that two of the earliest cytokines exhibited specific biochemical characteristics. This led to the identification of the first two interleukins, interleukin 1 and interleukin 2, which were named at the Second International Lymphokine Conference (which was held in Interlaken, Switzerland). Doubtless the venue site inspired the participants to come up with the term “interleukin” which suggests interactions between leukocytes. This example highlights that the issues of nomenclature have been relevant in immunology from the very start of the cytokine field.

Another dramatic step forward was the development of molecular biology tools which led to the initial efforts to “clone” the genes encoding important cytokines. One of the first to be cloned was interferon gamma (by Genentech). At that time biotechnology companies became players in the field and companies like DNAX and Immunex joined the efforts to clone genes of new cytokines. The roster of chemokines by the late 1980s had expanded significantly, up to Interleukin 10 (1). The molecular characterization of these cytokines led in turn to the availability of more molecular tools (Recombinant cytokines, monoclonal antibodies against them), that led to milestone discoveries in immunology like the definition of Th1 and Th2 immune responses (2).

A common belief was that cytokine biology held the key to novel therapeutics. This turned out to be correct, but not as originally conceived. Initial excitement about IL-1 and IL-2 as therapeutics did not yield hoped for breakthroughs. On the other hand, the cytokine field has yielded several very important therapeutics including anti-TNFα antibodies (3), RANKL (4), Erythropoietin or G-CSF (5). The development of these therapeutics has validated the original hopes in the field.

Unfortunately, the cytokine field remains a nomenclature minefield. The interleukins ended up being very difficult to organize. It is still unclear what qualifies a novel cytokine to receive the “interleukin” designation. For example, among the >40 human chemokines (chemotactic cytokines) only one received interleukin designation (interleukin 8). Conversely, there are many interleukins that are related evolutionarily to each other but this is not apparent from their names (IL-4 and IL-13, IL-2, IL-15 and IL-21, IL-10, and IL-22, etc.). In retrospect, the term “interleukin” had a significant advantage: it is a “neutral” designation, one that does not describe a specific characteristic or biological activity. In contrast, consider cytokines like interferon gamma (IFNγ); which is a major immunoregulatory cytokine, and this is what it is known for (not its “interferon” bioactivity). It is a major macrophage activator [including induction of antigen presenting activity (6)]. Thus, this is an example of a cytokine that received a name based on one of the first biological activities detected, even though it is not one of the most relevant (that it would eventually be shown to have).



CYTOKINES, EVOLUTION, AND NOMENCLATURE

The importance of good nomenclature can be explained by reviewing the experience of naming an important subfamily of cytokines, namely, the chemotactic cytokines or chemokines. As we shall see, the development of a systematic nomenclature for this subfamily lead to important insights into its evolution.

The chemokines represent one of the largest subfamilies of cytokines. There are more than 48 human chemokines described. This family is an excellent example of both nomenclature pitfalls as well as the power of studying a family in the context of its molecular evolution. When the first chemokines were identified, all of them were found to belong to two subclasses: the CXC family (where the first two cysteines were separated by another aminoacid) that tended to attract neutrophils, and the CC family that attracted monocytes and selected T cell subpopulations. Importantly, all the genes encoding CXC chemokines were located in a cluster in human chromosome 4 while the CC chemokines were located in a cluster in human chromosome 17 (7). However, later on other chemokines were identified, and a highly significant one was lymphotactin (now called XCL1) whose encoding gene was located not in any of those clusters but instead in chromosome 1 (8). Subsequently many other chemokines were identified and their genes, like lymphotactin, were located all over the genome (not in the original CXC or CC chemokine clusters).

Now that we know most (if not all) the members of the chemokine superfamily, an interesting evolutionary story has emerged. The chemokines can be subdivided into inflammatory and homeostatic, depending on their expression patterns (homeostatic are expressed without apparent stimuli in selected tissues or organs while the inflammatory typically are expressed during inflammatory conditions). Interestingly, the chemokines whose genes were located in clusters were the inflammatory chemokines, while the genes encoding the homeostatic chemokines were instead located in isolated chromosomal locations away from the clusters. This genomic arrangement can be explained evolutionarily as follows: The oldest and most conserved chemokines are the homeostatic subfamily, and their genes are located in isolated chromosomal locations because of the process through which the chemokine superfamily arose (gene duplication). In this process, a given chemokine gene would undergo duplication, and the resulting offspring genes would be located in the same chromosomal location and their encoded chemokines would bind the same receptor. These “offspring” chemokines would be free to undergo their own individual evolution (as a result of mutations) that would make them valuable to the host and favor its survival. However, if such a process occurred in a chemokine gene with an important function in either homeostasis or development, the chances that the affected organism would survive and pass on this trait to its offspring were not very good. This explains why chemokines with important developmental functions are very well conserved. An excellent example is CXCL12, which is very important during fetal development of various organs (7). In contrast, chemokines of the inflammatory class regularly underwent gene duplication (probably in recent evolutionary times) and therefore their genes are still located in the same location (clusters). Furthermore, the “offspring” genes of these events still bind the same receptors as the original unduplicated precursor. Thus, the evolution of homeostatic chemokines was likely conservative or static while the evolution of inflammatory chemokines was very dynamic. This explains why the inflammatory chemokines tend to share receptors, while the homeostatic chemokines mostly exhibit a single chemokine-receptor relationship (7). The reason most inflammatory chemokines arose was most likely to confer protection from a particular pathogen that a given species may have encountered. For the latter reason, deletion of a particular inflammatory chemokine is unlikely to result in heavily compromised survival of the mutated organism. In humans, this effect is evident in the delta-32 mutation of the CCR5 receptor. Humans affected with this mutation (which results in lack of expression of CCR5) cannot be infected with the AIDS virus (HIV) (9). Conversely, however, individuals carrying the delta 32 CCR5 mutation can be very susceptible to West Nile virus (10).

The conclusion that inflammatory chemokines likely arose recently in evolution is also supported by the observation that they often do not correspond well between species. For example, CXCL8 (Interleukin 8) exists in humans but not in mice (11). This observation can be explained by postulating that CXCL8 arose after the evolutionary separation of the ancestors that gave rise to humans and mice. Following this event, human ancestors have had different “:infectious experiences” than the ancestors of mice. Hence, the inflammatory chemokines present in each species today reflect the “infectious experience” of the ancestors of each species.

This evolutionary model has important implications. For example, the chromosomal location of a particular chemokine can allow us to make predictions about the phenotype of, for example, knockout mice for each chemokine. Knockouts of homeostatic chemokines will likely show a more dramatic phenotype than inflammatory chemokines. Furthermore, if two chemokines share the same chromosomal location, they are likely to share the same receptor (for example, both CCL19 and CCL21 bind CCR7) (11).

Importantly, this evolutionary model is applicable to many superfamilies in the genome and particularly to other cytokines. For example, the genes for IL-4 and IL-13 are located close to each other in human chromosome 5 and their receptors share several features (12).

I can now explain why it was important to talk about gene evolution in immunology in an article focused on nomenclature. The reason is that it was precisely because of nomenclature issues in the chemokine superfamily that we came to understand the evolution of this superfamily. By the year 2000, the nomenclature of the chemokines had become so complicated and confusing that even among experts, the only way to figure out which chemokine we were talking about was to refer back to its sequence. At this point it became obvious that we needed a new standardized nomenclature. The new proposed nomenclature built on the chemokine receptor nomenclature which already existed, but replaced “receptor” for “ligand” (i.e., R for L). Thus, the ligands became CXCL (+ a number) or CCL (+ a number). Luckily, the groups annotating the genome had already allocated numbers to the chemokines but had used a different abbreviation (Small Cytokine subfamily A: SCYA for CC chemokines chemokines or SCYB for CXC chemokines chemokines). Thus, we ended up with CCL21, for example, for a CC chemokine ligand whose gene was originally designated SCYA21.

The availability of this new nomenclature allowed experts in the field to produce new figures depicting all the superfamily. Some of these showed the correspondence between receptors and ligands, and the chromosomal locations of the latter. What became immediately apparent was that chemokines whose genes were in the same chromosomal location tended to have the same chemokine receptors; it also became obvious that the genes of the homeostatic chemokines were located throughout the genome while the inflammatory chemokines were in clusters and the latter did not correspond well between species (11). In other words, the new nomenclature allowed us to take a “global view” of this superfamily that fit a compelling evolutionary model for this subfamily of cytokines.

This is therefore a nomenclature story that led to a significant scientific advance. It also underscores the importance of developing a logical nomenclature that has the strong potential to facilitate the study of a particular field.

In the case of the cytokines, there are several superfamilies whose evolution parallel the chemokines. These include the Tumor necrosis factors, the transforming growth factors, and the interferons, among others. I should point out that there are still new cytokines to be identified, if not specifically of importance in immunology, certainly produced in other organs where they likely play an important function. Recently, a study highlighted the fact that most researchers work only on a minority of human genes (13). This situation suggests that there are still many novel genes to be identified and they will need names. We recently identified one of these novel genes (C17ORF99) which encodes a novel cytokine we called Interleukin 40 (14).

I think that it is important, when describing a novel gene/molecule, to carefully think about the implications of the name proposed for such a molecule, because it will likely affect the field of research that its discovery will generate. It may be especially important to avoid cheeky or philosophical names. Perhaps a systematic nomenclature that takes structural features or relation to a particular protein family (derived from analyses of characteristics of the encoded protein), where the gene is expressed, rather than its nascent function may be the most likely to prevent a future confusing situation. An estimated 10% of the human genome encodes secreted proteins, and therefore there likely remain many cytokine-like proteins to be described. I hope that these insights may help choose better nomenclature for these proteins.
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Currently three bona fide dendritic cell (DC) types are distinguished in human blood. Herein we focus on type 2 DCs (DC2s) and compare the three defining markers CD1c, CD172, and CD301. When using CD1c to define DC2s, a CD14+ and a CD14− subset can be detected. The CD14+ subset shares features with monocytes, and this includes substantially higher expression levels for CD64, CD115, CD163, and S100A8/9. We review the current knowledge of these CD1c+CD14+ cells as compared to the CD1c+CD14− cells with respect to phenotype, function, transcriptomics, and ontogeny. Here, we discuss informative mutations, which suggest that two populations have different developmental requirements. In addition, we cover subsets of CD11c+CD8− DC2s in the mouse, where CLEC12A+ESAMlow cells, as compared to the CLEC12A−ESAMhigh subset, also express higher levels of monocyte-associated markers CD14, CD3, and CD115. Finally, we summarize, for both man and mouse, the data on lower antigen presentation and higher cytokine production in the monocyte-marker expressing DC2 subset, which demonstrate that the DC2 subsets are also functionally distinct.
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Introduction

In human blood, cells with dendritic cell (DC) properties have been classified as plasmacytoid DCs (pDCs), as CD141+ DCs and as CD1c+ DCs (1–3). CD141+ DCs are also termed DC1s or cDC1s, while CD1c+ DCs are defined as DC2s or cDC2s, with “c” standing variously for conventional or classical (4).

The pDCs express CD123 and CD303 and are characterized by their unique ability to produce high amounts of type I Interferon (5).

The CD141+ DCs co-express CD370 (CLEC9A) (6–8) and they are described to activate CD8+ T cells via the MHC class I pathway including cross-presentation of exogenous antigen to CD8+ T cells (9–11). Their high ability to cross-present antigen from necrotic cells may be due to the expression of CLEC9A, since this receptor was shown to efficiently bind necrotic cells (12) via binding to actin filaments (13).

CD1c+ DCs can present antigen to both CD4+ and to CD8+ T cells (9, 14), however, when cultured with necrotic cells then they are inferior to CD141+ DCs in cross-presentation of necrotic cell derived antigen (9). The CD1c+ DCs form the largest DC subset in human lympho-hematopoietic tissues (8). Due to their efficacy in antigen presentation and T cell activation, CD1c+ as well as CD141+ DCs are attractive cell populations for vaccination studies with primary blood DCs (15, 16).

For all of these three DC types, at least two subsets have been described: for the pDCs a CD2− and a CD2+ subset has been reported (17), for CD141+ DC there is a XCR1− and a XCR1+ subset with the XCR1− cells being the putative precursors of the XCR1+ DCs (18). Finally, within the CD1c+ DC population a differential expression of CD5 and of the monocyte-associated CD14 molecule has been reported. The CD14+ subset shows higher expression levels for several additional monocyte associated markers. This prompts the question whether the CD14+ and CD14− subsets have a different ontogeny and specifically whether the CD1c+ CD14+ cells are linked to the monocyte lineage. With a focus on man and mouse, these questions will be addressed herein.


Markers to Define DC2 Cells

The initial question is, whether there are reliable markers in man and mouse to define DC2s as compared to CD141+ DCs and to monocytes/macrophages. There are three markers used for DC2s and these are i) CD1c, ii) SIRPα (CD172a) and iii) CLEC10A (MGL or CD301). For the purpose of this review, we will preferentially use the CD nomenclature.

CD1c is a frequently employed marker for DCs in man (1). CD1c is part of the MHC-like CD1 family of genes and it is involved in the presentation of lipid-based antigens to T cells (19). Importantly, while CD1c is found in many species including horses and panda bears, no murine homologue could be identified.

In human blood, CD1c was consistently found to label a population distinct from CD141+ DCs and from classical monocytes (20). In addition, CD1c expression is strongly expressed on almost all B cells (21), making it important to exclude CD19+CD20+ B cells when defining CD1c+ DCs. Moreover, it had been noted early on that CD1c, even after exclusion of B cells, is not restricted to DCs since it can be induced readily on monocytes by culture with GM-CSF within one day (22). Also, CD1c can be found on CD141+ DCs after FLT3L injection into apparently healthy volunteers (23). Of note, even CD141+ cells isolated from human skin appeared to co-express CD1c (24). Taken together, although the marker CD1c is widely used for the description of the DC2 subset, one should be aware of the fact that the molecule is not uniquely expressed on the DC2s, when performing flow cytometry or immunohistological analyses.

CD172a (SIRP-α) is another marker frequently used to define DC2s. CD172a is a transmembrane glycoprotein, consisting of three extracellular Ig-domains and two intracellular ITIM motifs that mediate negative signals after binding of CD47 to the N-terminal Ig-domain (25).

In man, CD172a is expressed by blood and tissue CD1c+ cells but it is low on CD141+ DC1s in various tissues (26). However, CD172a is also expressed by granulocytes and by monocytes (27) and this is also the case in pigs (28). Therefore, several additional markers are needed for unequivocal identification of DC2 cells in blood and tissue when using CD172a.

Similar to man, CD172a also selectively stains mouse DC2s but not DC1s. In the mouse spleen, CD172a is strongly expressed by lineage-negative CD11c+CD4+ but not by CD11c+CD8+ DCs (29), which is consistent with a selective staining of DC2s. Also, in mouse thymus a CD11c+CD8+SIRPα− and a CD11c+ CD11b+CD8−SIRPα+ (=CD172a+) cell population was described, and these represent the DC1 and DC2 subsets, respectively (30, 31). Others found, however, that CD172a is not completely absent from CD103+ DC1 cells, since in ocular mucosa it is expressed at a low level by these cells (32). Still, it was suggested that mouse CD172a+ DC2s can be clearly separated from CD172a−/low DC1s when the latter are defined via XCR1 (33). In conclusion, CD172a is a suitable marker for the definition of DC2s, but as several other cell types express this marker, these cells need to be carefully excluded in flow cytometry analyses.

CD301 (CLEC10A, MGL) has been suggested more recently as a defining marker for human CD1c+ cells (8, 34). CD301 is identical to MGL (macrophage C-type galactose/N-acetylgalactosamine-specific lectin) and it acts as an endocytic receptor. In the mouse, it was cloned from elicited peritoneal cells (35) and the human gene was cloned from monocytes after 7-day culture with IL-2 (36). CD301 is expressed by monocytes cultured with GM-CSF and IL-4 for 7d (37). Also, very low levels of CD301 mRNA and protein were reported for intermediate monocytes (38). Hence, there is an apparent association of CD301 with monocytes/macrophages.

In this context, Heger et al. (34) have assessed CD301/CLEC10A for its suitability as a marker for DC2s. In these studies, CD301 was highly selective for CD1c+ DCs. Only a small fraction of thymic B cells and a subset of monocytes/macrophages in the spleen was found positive for CD301 under steady-state conditions (34). Therefore, CD301 appears to have great potential as a unique marker for DC2s in man, with only some expression on monocytes/macrophages to be considered.

In the mouse, CD301 exists in two forms with different carbohydrate specificities, namely MGL1 and MGL2 (39). Based on structure, expression pattern, and carbohydrate specificity, mouse MGL2 (also termed CD301b) appears to be the homolog of human MGL (CLEC10A, CD301) (40). Staining of bone marrow cells with anti-MGL antibodies identifies a population of cells that is solely positive for MGL1 and another population positive for both MGL1 and MGL2. Hence, antibodies against MGL1 stain more cells, and this includes pDCs and macrophages. Also, anti-MGL2 stains peritoneal macrophages (40). Additional studies using a Mgl2-DTR/GFP DTR-cell-depleting mouse model suggest a role of MHC class II+ CD11c+CD301b+ cells in resistance against HSV2, and these cells were suggested to be DCs (41). Further studies reported on CD11c+CD301b+ cells, which were addressed as DCs (42), while F4/80+CD11b+CD206+CD301b+ were defined as macrophages (43). Also, CD301b+CD11c+CD11b+MHCclassIIhighF4/80intCD206+ mononuclear phagocytes were described in various tissues including fat, liver, and muscle with very few cells seen in blood (44). In addition, Langerhans cells in the mouse skin show a strong signal for MGL (45) but it still needs to be determined whether this is CD301a or CD301b. Taken together, CD301 in the human system and CD301b in the mouse system are promising identifiers of DC2s, but additional markers and a careful approach are required for correct identification of these cells.



Summary Statement on DC2 Markers

While in the past, CD1c has been the main marker to define human DC2s, it may well be that CD172a and CD301 might serve a similar function. Comparative analysis may be helpful to define, which of these markers or which combination thereof is most appropriate to define DC2 cells.

In summary, the three markers that can be used to define DC2 cells (CD1c, CD172a/SIRPα, and CD301/CLEC10A/MGL) are not exclusively expressed by these cells. Therefore, they need to be combined with additional markers to exclude B cells, pDCs, and monocytes/macrophages, as appropriate.



DC2 Markers in Inflammation

While the expression profiles of CD1c, CD172a, and CD301 apply to homeostasis, additional markers may have to be added in inflammatory disease where cytokines can induce DC2-associated markers on other cell types. For example, as mentioned earlier CD1c can be found on CD141+ DCs after FLT3L injection into apparently healthy volunteers (23). With the singular use of CD1c as a DC2 marker, such FLT3L-induced cells would be wrongly assigned to the DC2 lineage.

Since monocytes are CD172a-positive in the steady state and since in vitro culture of monocytes with GM-CSF can induce expression of CD1c (22) and of CD301 (37) it is important to exclude monocytes/macrophages, when defining DC2 cells in blood and more importantly in tissue. This is particularly relevant in the context of inflammatory diseases when cytokines like GM-CSF are increased (46). An informative example is sickle cell disease, which goes along with increased blood GM-CSF levels (47), with increased numbers of CD16+ monocytes (48) and with expression of CD1c on monocytes (49). It remains to be determined whether these monocytes in the blood of sickle cell disease patients are akin to the CD14+ subset of CD1c+ DCs. In any event, these cells may contribute to the pathophysiology of the disease via production of inflammatory cytokines.

Overall, these deliberations show that determination of DC2s in inflammatory conditions requires additional steps in order to unequivocally define these cells.




Characterization of Subsets of DC2 in Man


DC2 Subsets in Human Blood

In the 2010 nomenclature proposal it had been noted for the CD1c+ myeloid DCs in human blood that these DCs can be separated into CD14− and CD14low cells (1). This was based on the original studies by Thomas and Lipsky (50) demonstrating antigen presenting activity in a population of CD33++CD16−CD14+ cells, cells that later were shown to be CD1c+ (51). Of note, the typical approach to DC analysis in human blood starts with the exclusion of lymphocytes and of monocytes. Monocytes are excluded using a CD14 antibody, but depending on the reagent and the conditions used, this may or may not remove CD14low cells.

An example of the CD14 expression pattern of CD1c+ DCs is given in Figure 1. Compared to the isotype control, there is strong CD1c-staining among the CD14− cells and a gradually decreasing expression of CD1c among the CD14low cells (Figure 1A). The isotype control shows a few events within the CD1c+ DC2 gate (Figure 1B).




Figure 1 | Illustration of CD1c+ DCs and its subsets in human blood. Whole blood was stained with CD14, CD16, CD19, HLA-DR, and CD1c antibodies and the expression of CD1c (A) compared to isotype control (B) was analyzed on HLA-DR+ non-B cells. Of note, the CD14low CD1c− cells in (A) represent the CD16+ monocytes. (C, D) show additional staining for CD5. In the example in (C), the CD1c+ cells are divided into a CD14+ subset (green) and a CD14− subset (blue). As shown in (D), the CD14− subset in blue can be further subdivided into CD5+ and CD5− cells. In the lower left there is a population of CD14− CD5− cells. Red arrows indicate the gating sequence.



The cells within the CD1c gate can then be separated into CD1c+CD14+ and CD1c+CD14− cells (Figure 1C) with the CD14+ cells (green in Figure 1A) accounting for about 40% of all CD1c+ DCs. The CD5+ cells are distinct from the CD14+ cells.

Recently, in a study not excluding CD14+ cells, it was reported that in apparently healthy donors about one third of the CD19−CD1c+ cells are CD14+ (15). These CD1c+CD14+ cells, compared to the CD1c+CD14− subset, were shown to express similar levels of HLA-DR and CD33 but higher levels of CD11b and clearly higher levels of PD-L1 (CD274) (15). Upon LPS stimulation, these cells showed a trend to produce higher amounts of TNF and IL-10, but they were less efficient in inducing T cell proliferation induced by allogeneic leukocytes. The T cell proliferation could be improved by addition of an anti-PD-L1 antibody (15). Furthermore, while the CD1c+CD14− subset readily induced IFNγ production in CD4+ T cells, the CD1c+CD14+ subset completely failed to do so. Only when CD1c+CD14+ DCs were stimulated with GM-CSF or LPS then a low level of IFNγ production could be induced. This suggests that the CD1c+CD14+ do not induce but rather impede T cell proliferation and differentiation toward the TH1 lineage.

In blood of melanoma patients with metastatic disease, the frequency of the CD14+ subset of CD1c+ cells in blood was found to be increased more than three-fold. Upon vaccination with antigen-loaded CD1c+ DCs, patients with a high proportion of the CD1c+CD14+ subset showed lower T cell proliferation to control antigen (15). This underscores the notion that CD1c+CD14+ cells in cancer patients are not potent T cell stimulators but rather show suppressive activity. Together, these findings were taken to design an optimized cellular vaccine, in which the CD14+ subset is removed from the CD1c+ DC product for vaccination of patients with melanoma and other malignancies (15, 52).

Transcriptome analyses comparing the CD1c+CD14+ cells to CD1c+CD14− cells showed the CD1c+CD14+ cells to express higher mRNA levels for MafB and the CSF1-receptor (CD115) and lower levels for FLT3 and IRF4. In addition, higher levels for TLR7, TLR8, CLEC7A (CD369), CLEC12A (CD371), and CLEC12B were found for the CD1c+CD14+ DCs (15).

Hierarchical clustering using these transcriptome data suggested that the CD1c+CD14+ DC2 subset to be in between classical monocytes and the CD1c+CD14− cells but closer to the classical monocytes (15). However, a comparison to a comprehensive set of blood DCs and monocytes is still required in order to assign them to either monocytes or DCs, when using transcriptomics as a tool. The central features of DC2 subsets in this study by Bakdash et al. are summarized in Figure 2.




Figure 2 | Characterization of subsets of human DC2s in the recent literature. The different studies are listed at the top, the upper panel gives the subsets with pure DC features, the lower panel shows the subsets with monocyte features. Characteristic transcription factors, cell surface markers and functional properties are given when available. The cellular images are provided and adapted from Servier Medical Art (smart.servier.com).



The existence of two subsets of DC2 in man was confirmed recently in single cell sequencing studies on peripheral blood mononuclear cells (53). Here, both subsets were positive for CD1c, CLEC10A and FcϵR1A. One subset expressed higher transcript levels for MHC class II molecules and CD1c, while the other was higher for S100A8/9, ANXA1, F13A, VCAN (versican), FCN1 (ficolin 1), RNase2, CD163, and CD14. Many of the latter molecules are associated with monocytes but both CD1c+ subsets clustered separately from monocytes in this study. This work by Villani et al. is also listed in Figure 2.

Furthermore, Schroder et al. have studied the properties of cells isolated with CD1c-magnetic beads from human blood mononuclear cells, and they noted a CD1c+CD14− population and a CD1c+CD14+ population, with the latter showing low level CD1c (54). Here, a higher expression of CD135 (FLT3) on the CD1c+CD14− cells and a higher expression of CD115 (M-CSFR) on the CD1c+CD14+ cells was observed, and the CD1c+CD14+ subset was interpreted to represent monocytes.

In early studies, a differential expression of CD5 had been reported on human blood DCs (55, 56). More recently in a 2017 study, the lineage-negative HLA-DR+CD123−CD11c+CD1c+ cells have been subdivided into CD5low and CD5high cells (57). Gene expression analysis showed higher SIGLEC6 and IRF4 transcripts in the CD1c+CD5high cells, while the CD1c+CD5low cells expressed higher levels of CD14, MAFB, S100A8/9, RNAse2, CD163, and Ficolin1. A few of these transcripts were tested at the protein level and here the higher expression of CD14 and S100A9 was confirmed for the CD1c+CD5low cells (57). This work by Yin et al. is listed in Figure 2.

The reciprocal gene expression pattern for CD1c+CD5high cells (57) and the CD1c+CD14low cells (15) suggests that these two subsets might be mutually exclusive and that CD1c+ cells might consist of CD14−CD5high and CD14+CD5low cells. As illustrated in Figure 1, CD5 and CD14 are expressed on distinct cell subsets (see Figure 1D).

This pattern is consistent with what has been described by Meyerson et al. (58). The latter study and our illustrative figure demonstrate a population of CD1c+CD5−CD14− cells and the question is, whether this subset represents a distinct population. In this context, Dutertre et al. (59) analyzed DCs and their subsets with an extensive panel of cell surface markers. In this study, more than 300 protein markers were employed and markers HLA-DQ and FcϵRIA on DCs and CD88 and CD89 on monocytes were identified as best discriminating markers. On this basis, the DC2s including the CD14+ subset could be phenotypically separated from classical monocytes, albeit there is low level expression of both CD88 and CD89 on DC2s.

DCs are thought to be specifically governed by FLT3 (Fms-Like Tyrosine Kinase 3) and injection of this growth factor into patients was shown to result in a shift of the proportions of DC2 versus classical monocytes. Here, both CD1c+CD14+ and CD1c+CD14− DC2s increased relative to the classical monocytes arguing for a DC nature of the CD1c+CD14+ cells (59). A more detailed analysis in the same report then revealed four distinct subsets of CD1c+ cells, which are one CD5+ subset and three CD5− subsets, the latter consisting of CD14−CD163−, CD14−CD163+ and CD14+CD163+ cells. Some salient features of the typical DC2 and the subset with monocyte features is given in Figure 2 (see Dutertre et al).

Three different phenotypes of DC2 cells in human blood were also described in a 38-marker CYTOF analysis (60). The DC2s showed differential expression levels for CD172a and CD163 and the authors concluded that there were CD172highCD163low and CD172lowCD163med and CD172highCD163high DCs. The relationship of these three phenotypes to the CD14+ und CD5+ subsets remains to be determined.

Taken together, among the CD1c+ DCs there is higher expression for several monocyte-associated genes (CD14, CD115, MAFB, S100A8/9, CD163, and Ficolin1) in cells defined either as CD14+ cells or as CD5−.



Lineage Assignment of DC2 Subsets

In order to appropriately address the question of lineage assignment of the subsets of CD1c+ DCs, approaches using a broad panel of different monocytes, macrophages, and dendritic cells are required.

In a recent report on human CD1c+ DC2 subsets, the CD5+ cells were defined as cDC2, while cells positive for CD14 and CD163 were termed DC3 (61). The CD14+ subset of CD1c+ cells, when compared to the CD1c+CD5+ DCs, was shown to express higher levels of TNF and CCL2 and to induce features of tissue-resident memory cells in CD8+ T cells (see summary in Figure 2). Furthermore, it was demonstrated that GM-CSF but not FLT3L is able to support development of the CD1c+CD14+ DCs in a humanized mouse model. In in vitro studies, GM-CSF was able to induce these cells from a granulocyte-monocyte-dendritic cells precursor (GMDP) but not from common dendritic cell precursor or cMoP, indicating that this subset may have a distinct developmental pathway (61).

In addition, functional studies might be able to address the question of lineage assignment. To this end, recently the ability of DCs to activate the inflammasome and induce the release of IL-1β has been revisited (62) and it was shown that among the GM-CSF induced mouse bone marrow-derived cells only the macrophages but not the DCs were efficient producers of IL-1β. If a relevant IL-1β production by the CD14+ subset of DC2 can be demonstrated then this would add another monocyte characteristic to these cells. Cytlak et al. addressed this question by comparing human CD1c+CD5+/−CD163− DC2, and CD1c+CD163+ DCs (termed DC3) (63). Here, it was noted that the CD1c+CD163+ cells, when stimulated with a mixture of TLR ligands followed by intracellular staining and flow cytometry, showed IL-1β production as high as monocytes, while the CD1c+CD163- cells showed a low level production of this cytokine (see summary in Figure 2). Similar results were obtained for IL-10, while the two DC subsets produced comparable amounts of IL-12 (63).

Moreover, DC2s can be generated in vitro from CD34+ hematopoietic stem cells (64) and more specifically from cells with the phenotype of MLPs, CMPs, and GMPs (65). The generation of subsets of DC2 was only studied recently (63). Here, CMPs and CD33+ GMPs were found to have CD1c+CD14+ DC2 potential and the CD14+ subset was shown to segregate with monocytes. In contrast, CD1c+CD14- DC2s could be generated from CD123+ GMPs and segregated with pDC and cDC1 potential.

Mutations of genes involved in development of DCs can be informative as to lineage assignment. Homozygous and heterozygous loss of function and dominant negative mutations of the IRF8 gene have been described. It was shown that bi-allelic loss of function mutations of the IRF8 gene led to a complete absence of DCs and monocytes (66, 67).

For two independent cases with recurrent disseminated BCG infection and heterozygous dominant negative mutation in the IRF8 gene, normal numbers of monocyte subsets and no decrease of pDCs and DC1s were initially reported, while there was an apparent reduction in CD1c expression on CD11c+ cells (66). In a later study by the same researchers, in a more detailed analysis using CLEC9A in addition to CD141 for DC1 definition and CD1c for DC2 identification, it was noted that DC1s are, in fact, decreased and the decrease of CD1c expression was confirmed (68).

Cytlak et al. looked at CD1c+ DCs in a kindred with a heterozygous dominant-negative mutation of IRF8, which led to a moderate deficiency of this transcription factor (63). This went along with depletion of cDC1 and pDC but increased blood monocytes and normal numbers of CD1c+ DC2s. Analysis of subsets, however, revealed an almost complete absence of the CD1c+CD5+ cells, while the CD1c+CD5− subset was expanded (63). Whereas the moderate level activity of IRF8 is apparently sufficient to allow for development of the CD14+ monocyte subsets and of the CD1c+CD14+ DC subset, it is not sufficient to allow for generation of CD1c+CD14−CD5+ DCs. This indicates that the CD14+ and CD5+ subsets of CD1c+DCs have distinct developmental requirements and that the CD1c+CD14+ DC2 subset is associated with monocytes. Analysis of additional mutations of genes involved in DC development in man may help to further support this point.

When looking at IRF8 CRISPR/Cas9 knock-out mutation in human in vitro induced pluripotent stem cells (iPS), it was noted that the generation of pDC and DC1 cells driven by FLT3L, SCF, GM-CSF, and IL-4 (FSG4) was ablated but the generation of CD1c+ DC2s was unaffected (69). These data indicate that this intriguing in vitro system more closely mimics partial IRF8 deficiency in vivo. Still, manipulation of the IRF8 gene penetrance may help in unravelling the in vitro development of DC2s and their subsets. On the other hand, the generation of DC2s in the absence of IRF8 in this in vitro system may be due to the strong effects of the exogenous cytokines, since without lineage specifying cytokines, DC2 cells are absent in these IRF8−/− cultures similar to what is seen in immuno-deficient patients (69). Again, it will be important to analyze DC2 subsets in this system.

Moreover, Borriello et al. reported on the expression of the receptor for thymic stromal lymphopoietin (TSLPR), which is induced by stimulation via TLR4 in CD1c+CD14low cells among human blood mononuclear cells (70). TSLP directs type-2 immune reactions and it acts on a broad range of leukocytes including T cells, macrophages, DCs, mast cells, and ILCs indicating that its receptor is widely expressed (71). Borriello et al. noted that induction is specific to the CD1c+CD14low cells and that there is little induction in CD16+ monocytes. It will be important to assess the induction of the TSLPR in the CD14− subsets of CD1c+ DC2s, in order to determine whether expression might be specific to the monocyte-related subset.

Taken together, while in the studies by Borriello et al. and Sontag et al. (69, 70) the analysis of DC2 subsets is still outstanding, the data on development of DC2 subsets show evidence of co-segregation of the monocyte-marker expressing DC2 subset with monocytes.



DC2 Subsets in Human Tissue

Because of the ease of accessibility, many human studies are performed on blood samples, but there are also a number of studies that look at DCs in human lymphoid and non-lymphoid tissues (8, 24, 60, 72–75) but only a few studies address subsets of DC2s in tissue.

Of note, interpretation of data in human tissue has to be done with caution: While in blood the monocyte subsets can be clearly defined and dissected from DCs, it is more difficult in tissues to exclude macrophages that may have up-regulated DC2-associated markers. Furthermore, such DC2-marker-positive macrophages may or may not co-exist with bona fide monocyte-lineage derived cells, and this can make lineage-assignment very demanding.

With respect to subsets of DC2s Yin et al. noted CD5+ and CD5− subsets of CD1c+ DCs in human tonsils and similar to blood the CD5+ cells formed the minor subset (57).

Looking at single cell suspensions isolated from the nasal mucosa, all of the CD1c+ cells expressed low levels of CD14 (76). Another study on nasal, bronchial, and intestinal mucosa showed low-level CD1c expression on the CD11chigh subset of CD14+ cells (54).

In the human lung, CD14+ and CD14− subsets of CD1c were observed in lavage samples and transcriptome analysis demonstrated higher ZBTB46, FLT3, CD83, and CCR7 mRNA levels in the CD14− subset, while the CD1c+CD14+ subset showed higher CD36, CD163, CD369 (=CLEC7A=Dectin-1), and S100A8/9 (77). Hence, the CD14+ subset of CD1c+ cells in the lung alveoli enriched for monocyte-associated genes. Also, in an analysis of bronchoalveolar lavage samples from healthy volunteers, a BTLA+ and a BTLA− subset of CD1c+CD11c+ cells were noted and here a higher expression of monocyte/macrophage-associated genes CD14, CD163, S100A8, and CD115 was noted at the transcript level for the BTLA− cells (78). For the human intestine, Watchmaker et al. identified among the lineage-negative, HLA-DR+CD11c+ cells two subsets of CD172a+ cells, one CD103+ and one CD103−. Hierarchical clustering using transcriptome data demonstrated that the CD103−CD172+ cells clustered with blood monocytes and the authors suggested that they might be monocyte-derived (72).

In summary, there is evidence for a monocyte-marker positive DC2 subset in various human tissues like tonsil, lung, and intestine.




Characterization of Subsets of DC2 in the Mouse


Differential ESAM Expression for Definition of Mouse DC2 Subsets

For the mouse similar to man, pDCs, DC1s, and DC2s have been described (79–82). However, data on DCs in mouse blood are scarce, and most studies are done on tissue samples. Regarding subsets of DC2, CD11c+CD8− cells in mouse spleen and mesenteric lymphnodes Kasahara and Clark described subsets of DCIR2+DCAL2− and DCIR2−DCAL2+, i.e. CLEC4A4+CLEC12A− and CLEC4A4−CLEC12A+, respectively (83). Here, the CLEC4A4−CLEC12A+ cells exclusively produced TNF and IL12 in response to the TLR9 ligand CpG. Separate studies by Lewis et al. on cells from mouse spleen and intestine revealed that DC2-type cells with the phenotype CD8−CD11c++CD11b+ cells can be subdivided into an ESAMhigh and an ESAMlow subset (ESAM = Endothelial cell–selective adhesion molecule) (84). Here, the ESAMhigh cells expressed higher levels of MHC class II molecules, while the ESAMlow cells showed higher transcript levels for M-CSFR, CCR2, Lysozyme, CD14 and CD36, markers which are typical of the monocyte lineage. Furthermore, the ESAMlow subset was able to produce higher levels of TNF and IL-12, when stimulated with the TLR-9 ligand CpG DNA. Also, activation via TLR-2, using heat-killed Listeria monocytogenes, led to superior TNF production by ESAMlow cells. Phagocytosis of latex beads was similar for both subsets as was the capacity to present in vitro OVA peptide using transgenic responder T cells expressing OVA-specific TCR (OT-II cells) (84). However, when testing antigen presentation in vivo a robust response of OT-II cells was noted in wild type animals, while in knock-out mice, lacking ESAMhigh cells, only a minimal response of OT-II cells was observed. This suggests that the ESAMhigh cells are required for an efficient antigen presentation in vivo (84).

Importantly, the ESAMlow cells were noted to be CLEC12Ahigh (84) thereby linking the studies by Lewis et al. (84) and Kasahara et al. (83). The conclusion from both studies is that the ESAMlowCLEC12Ahigh subset of CD11c+CD8− mouse DC2s expresses monocyte-associated markers and is more potent in producing cytokines TNF and IL-12.

Also, Lewis et al. (84) demonstrated that blockade of Notch2 signalling led to selective ablation of the ESAMhigh subset. This ESAMhigh subset was shown to derive from DC precursors, while the ESAMlow cells were suggested to be myeloid progenitor-derived. In other words, Notch2 signalling is required for the development of ESAMhigh DC2s but not for ESAMlow DC2s (84). In an in vitro study, DCs were generated from progenitor cell lines by culture with a FLT3L and Notch ligand expressing cell line. Here, transcriptome analysis revealed that with Notch2 activation the CD11b+CD24−CD8− DC2s were similar to the splenic ESAMhigh DC2 subset (85).

Mutations of human Notch2 have been described in two families with the patients showing multiple abnormalities of liver, lung, heart, and kidneys and typical facial features (86). At this point, no immunological workup has been published on such patients, and it is therefore not known whether these patients have abnormalities of the immune system.

As mentioned above, a bi-allelic mutation of the IRF8 gene leads to a depletion of DC2 cells in man (66). By contrast, in the mouse it was shown that Icsbp (=Irf8)−/− animals lack pDC and CD8+ DCs (DC1), while CD4+ DCs (DC2) were readily detected (87, 88). No information on subsets of DC2s is available, and it remains to be determined whether there is a differential effect on ESAMhigh versus ESAMlow subsets in in Irf8−/− animals.

Taken together, in the mouse the ESAM expression level can be used to define subsets of DC2 with ESAMlow subsets showing features of monocytes.



T-Bet Expressing DC2s

Another recent study by Brown et al. defined in mouse lymphoid organs two subsets of lin−CD90−CD64−Ly6C−CD11c+ MHCII+XCR1−CD11b+cDC2s based on their differential expression of the transcription factor T-bet (89). The T-bet+ DC2s, dubbed DC2A, were found to overlap with the ESAM+ DC2s previously described by Lewis et al. (84). The T-bet− cDC2s, called DC2B, showed higher expression of monocyte-associated genes. However, only a subset of these cells expressed M-CSF-R (CD115) and lysozyme mRNA, reminiscent of monocyte-related DC2 subset, which we discussed earlier in man and mouse. The authors also noted that the T-bet− population was heterogeneous with respect to expression of C-type lectin receptors and consisted of a CLEC10A− CLEC12A−, of a CLEC10A− CLEC12A+ and of a CLEC10A+CLEC12A+ population.

Interestingly the T-bet+ cDC2 gene expression signature subset was neither detected in mouse nor in human blood (89). However, gene expression analysis of two samples from melanoma patients identified a cluster of myeloid cells that expressed T-bet target genes and additional signature genes like AREG and NR4A3. Also, in human spleen CD301− DCs with transcriptomic similarities to murine T-bet+ DC2A cells were described.

Brown et al. (89) suggest that the human blood CD1c+ cDC2s might be analogous to the mouse T-bet− CLEC10A+ DC2B, while in human blood there is no homologue of the mouse T-bet+ cDC2s. Clearly more studies, including functional tests, are required in order to collate these recent findings into a unified scheme and to align subsets across species.



DC2 Subsets in the Mouse in Lung

For the lung of wild type mice, it was shown that there are CD14+ cells among a population of CD11b+CD24+CD64− DC2s (90). Also, the DC2 cells were either Irf4+ or Irf4− and in Irf4−/−animals the CD24+ cells were decreased with a residual population remaining. Hence, one might speculate that the CD14+ cells represent an IRF4-independent population of mouse DC2 cells.

Recently, Bosteels et al. have shown that in the mouse lung CD26+CD172+ DC2s in response to type I interferon can up-regulate IRF8 and CD64 and acquire features of both DC1s and monocytes (91). This suggests that there is further complexity of dendritic cells in inflammation, and it stresses the necessity to carefully delineate DC subsets in disease settings, where such inflammatory DC2s increase. Analysis of ESAM and CLEC12A (CD371) in these cells, and their progenitors may help to elucidate the relationship to the two DC2 subsets described for the mouse (83, 84).

Taken together, also in the mouse lung, DC2s and their subsets can be readily detected.




Concluding Remarks

There is a long-standing effort to dissect monocytes/macrophages and dendritic cells (3). This task becomes easier when the focus is set on bona fide DCs, i.e. the pDCs, CD1c+ DCs, and the CD141+ DCs in human blood. Still, there is concern that there might be overlap between the monocyte and DC lineage in some areas.

Regarding the CD1c+ DCs in blood, the open question then remains whether the CD14+ subset represents bona fide DCs or whether they belong to the monocyte lineage. The expression of markers like CD115 and S100A by these cells as well as their low antigen presenting capacity would support a monocyte nature.

A comparison between man and mouse of the DC2 subsets without and with monocyte features is given in Figure 3. In both species the monocyte-related subset (green in Figure 3) is characterized by higher expression of cell surface molecules like CD115 and cytokines like TNF.




Figure 3 | Properties of two main DC2 subsets in man and mouse. The markers are listed based on a higher expression in the respective subset compared to the other subset, i.e. the other subset can also be positive but at a lower level. This cartoon is restricted to the subset with monocyte features as compared to a subset covering the remaining DC2 cells. The latter has been reported to include up to three distinct populations as detailed in the text. lin− = lineage negative. The human data are a summary of a series of studies compiled in Figure 2. The mouse data refer to Lewis et al., 2011, and Kasahara et al., 2012. The cellular images are provided and adapted from Servier Medical Art (smart.servier.com).



It remains to be resolved, whether these monocyte features may be explained by i) DC-lineage cells developing monocyte features, by ii) the cells being derived from mature classical monocytes similar to monocyte-derived DCs generated in GM-CSF cultures in vitro or iii) whether these cells are derived from a bone marrow precursor in common with monocytes.

Steps to be taken to resolve this issue are

	comparative single cell transcriptomics including CITE-seq approaches with a large set of prototypic monocytes/macrophages and dendritic cells from the same donor across different tissues,


	analysis of informative immune-deficiencies including knock-outs to study the mouse CD8−CD11c+CD11b+ ESAMlow DCs,


	development from hematopoietic progenitor cells with or without bar coding, and


	analysis of informative mutations in clonal hematopoiesis.




As mentioned earlier, a recent study has addressed some of these points and has looked into IRF8 immunodeficiencies and into in vitro development of DCs from progenitors. Here, differential transcription factor requirements for the CD14+ and the CD5+ subset of DC2s were apparent, and the CD1c+CD14+ DC2s showed co-segregation of with monocytes (63). While the issue of lineage assignment of the CD1c+CD14+ cells in human blood still needs to be resolved, it has become clear that there may be more than two subsets of DC2. Therefore, future work will have to address, in man and in the mouse, all subsets of DC2s and their role in homeostasis and in disease in order to arrive at an adequate nomenclature.
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One modification was made to remove 2014 proposed nomenclature for clusterin.
(Bottom) (gray): updated complement nomenclature.
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IMGT? IgPdb®

Subgroup Genes Alleles Genes Alleles
1GHV1 12 45 8 21
1GHV2 4 29 2 4
1GHV3 30 110 11 18
1GHV4 1 79 8 13
IGHVS 2 1 2
IGHVE 1 2 0 0
IGHV7 2 0 0

#IMGT genes and allele counts include sequences reported as Functional sequences and
Open Reading Frames. The IMGT repertoire was accessed on 11/02/2019.

©Soquences in IgPdb that have only been identificd by genomic sequencing, and
sequences that extend previously reported but truncated sequences are not included.
Eleven sequences (IGHV1-2'05, IGHV1-2'06, IGHV1-8°03, IGHV1-69"15, IGHV1-69'17,
IGHV2-70"15, IGHV3-11°05, IGHV3-11°06, IGHV3-13'05, IGHV3-430"04 and IGHV3-
64D"06) that were first discovered by inference but are now present in the IMGT repertoire
are also not included here.
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genes

ol = IGHT1 P = IGHJ1T1ID P IGHT1D
IGHD1T2 £ IGHU1T2 F IGHT2 P IGHD1T2D F IGHJ1T2D F IGHT2D
IGHD2T2 F 1GHJ2T2 F 1GHD2T2D F 1GHJ2T2D F

IGHU1T3 F IGHT3 P IGHD1T3D F IGHT3D

IGHJ2T3 F IGHD2T3D F
IGHD1T4 F IGHUIT4 F 1GHT4 F IGHD3T3D F
IGHD2T4 F IGHJ2T4 F
IGHD3T4 F
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F, functional: ORF, open reading frame; P. pseudogene. The functionality is according to IMGT functionality (IMGT Scientific chart > IMGT functionality)' (3).
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IMGT  IMGT Locus A on Salsal chromosome 6 Locus B on Salsal chromosome 3 Locus A + Locus B

group subgroup
Functional ORF Pseudogene Total Functional ORF Pseudogene Total Functional ORF Pseudogene Total

IGHV  1GHV1 7 1 24 32 12 2 23 37 19 3 a7 69
1GHV2 2 0 0 2 244+1) 0 5(+1)" 8 441y 0 5(41) 10
1GHV3 1 0 4 5 1 0 5 6 2 0 9 1
1GHV4 2 2 12 16 3 1 14 18 5 3 26 34
IGHVS. 0 2 2 4 0 0 4 4 0 2 6 8
1GHV6 1 1 16 18 6 0 20 26 7 1 36 44
1GHV7 1 0 2 3 0 0 3 3 1 0 5 6
1GHV8 10(+1)* 1 91y 21 3 0 5 8 13(+1)° 1 14(+1) 29
1GHV9 1 0 4 5 3 0 5 8 4 0 9 13
IGHV10 0 0 14 14 0 1 8 9 0 1 22 23
1GHV11 2 0 6 8 0 0 6 6 2 0 12 14
IGHV12 0 0 1 1 1 1 0 2 1 1 1
IGHV13 o 0 1 1 0 0 2 2 0 0 3 3
1GHV14 0 0 1 1 0 0 1 1 0 0 2 2
IGHV15 1 0 5 6 2 0 3 5 3 0 1
IGHV16 1 0 7 8 5 0 10 15 6 0 17 23

Total 29(+1)° 7 108(+1)* 145 3B+1) 5 141y 158 67(+2) 12 222(42) 303

Number of IGHV genes are given per subgroup and per locus A or B, and per IMGT functionality (functional, ORF, pseudogene) (3).
*An asterisk indicates that the following genes have alleles with different functionalities: Functional or Pseudogene (IGHV2D-12 and IGHV8-58).
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IGHV3 3 4 © o o 10 1 2 2 1 0 0o 0 1 0
IGHV4 14 14 2 2 4 3 1 2 9 9 0 0 1 4 0 4
IGHVS 2 3 o 29 0 0 o0 o0 0 0 o 0 0 0 0 o0
IGHV6 14 16 1@ 1 3 6 0 30 8 8 2 1 0 3 0 2
1GHV7 3 3 1 0 1 o o 1 4 4 o 0 0 0 4 O
1GHV8 16 20 114 1@ 1 3 0o o 6 6 4 1 1 0 0o 0
1GHVO 8 8 1 0 1 3 0o 8 5 5 3 0 1 1 0 o0
1GHV10 9 9 o o 5 o 1 3 4 4 10 0 38 0 0
1GHV11 3 4 2 0 1 0 o o 1 1 1 0 0 0 0 O
1GHV12 2 2 o o o 1 10 4 4 o 0o 0 4 0 0
1GHV13 0 o o 0o o0 0 o0 o0 0 0 o 0 0 0 0 0
IGHV14 1 1 o 0 1 0 0 0 1 1 0 o 1 0 0 0
IGHV15 6 7 1 o 1 2 0 2() 3 3 0 0 0 1 o 2
IGHV16 16 16 1 o 3 5 0 7 5 5 o 2 2 0 0 1
Total 135 150 30@5) 7(10) 26(28) 39(41) 5  281) 7 77 20 4 9 20 7 13
LocusA+LocusB 135 150 69(76)F + 12(15)0RF + 54(59)P 7 7 44F + 110RF +22P

*F, functional; ORF; open reading frame; P, pseudogene. Number of genes included in the IMGT reference directory, per subgroup and per functionality and total, are shown with,
i relevant (more than one allele per gene), the corresponding number of alleles within brackets. The functionality is according to IMGT functionality (IMGT Scientific chart > IMGT
functionality)' (3).
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Chrom Start Stop  Name SNPs number (NS) ~ Indel number  Start Stop  Name SNPs number  Indel number
@)
Chri2 81822385 81322680 IGHVED-76 2(1) o 81312817 81313128 IGHV16D-79 3 0
Chri2 81335727 81336024 IGHVID-73 22) 0 81318367 81318661 IGHVI5D-78 5 1
Chri2 81330680 81339363 IGHV12D-71 1(0) 0 81320821 81321 111 IGHVD-77 1 0
Chri2 81865080 81365411 IGHVISD-69 0 0 81332711 81333058 IGHVAD-75 2 2
Chri2 81365950 81386255 IGHV2D-68 0 0 81333678 81333986 IGHVID-74 1 0
Chri2 81305848 81396168 IGHV7D-62 0 0 81336977 81337276 IGHVAD-72 0 0
Chri2 81897765 81398073 IGHVAD-60 0 0 81383887 81384159 IGHVD-65 0 0
Chri2 81422492 81422803 IGHVISD-54 0 0 81384684 81384968 IGHVGD-64 0 0
Chri2 81436861 81437166 IGHV2D-50 0 0 81383213 81388533 IGHVID63 1 1
Chri2 81438847 81439169 IGHVISD-49 0 0 81396766 81307086 IGHV7D-61 0 0
Chri2 81464500 81464820 IGHV7D-45 0 o 81398323 81398601 IGHVID-59 0 0
Chri2 81465762 81466082 IGHV7D-44 0 0 81399513 81399812 IGHVAD-58 0 0
Chri2 81466761 81467060 IGHVAD-43 0 0 81401688 81402032 IGHV12D-567 0 o
Chri2 81493829 81494 124 IGHVED-40 0 0 81402044 81401727 IGHV12D-56 0 0
Chri2 81520173 81520478 IGHVID-35 0 0 81421382 81421689 IGHV16D-565 1 0
Chri2 81561752 81562063 IGHV3D-30 0 o 81434530 81434810 IGHV2D-62 0 0
Chri2 81568866 81569171 IGHV2D-28 0 0 81435683 81435988 IGHV2D-51 0 0
Chri2 81505836 81596138 IGHV10D-26 20) 0 81447072 81448244 IGHV1D-48 0 0
Chri2 81605108 81605419 IGHVAD-24 10) 0 81448773 81449068 IGHVBD-47 o o
Chri2 81618381 81618680 IGHV4D-23 20) 0 81453306 81453632 IGHVD-46 0 o
Chri2 81649810 81650108 IGHVID-17 5@3) o 81467316 81467588 IGHVID-42 0 o
Chri2 81653372 81653678 IGHVID-16 0 o 81481949 81482241 IGHV16D-41 0 0
Chri2 81661001 81661301 IGHVID-15 0 0 81511235 81511655 IGHVID39 2 0
Chri2 81675466 81675760 IGHVID-12 20) o 81514353 81514683 IGHVID-38 0 0
Chri2 81606523 81696828 IGHV2D-11 1(0) 0 81516973 81517272 IGHVAD37 0 0
Chri2 81700731 81701033 IGHV10D-9 0 o 81519248 81519565 IGHV12D-36 1 1
Chri2 81705764 81706086 IGHVIOD-7 2(1) 0 81543116 81548425 IGHV16D-34 0 o
Chri2 81717198 81717494 IGHVED-5 3@2) 0 81550863 81551162 IGHV16D-33 0 o
Chri2 81737673 81737973 IGHVID-4 0 o 81558855 81550137 IGHV15D-32 0 o
81560796 81561107 IGHV12D-31 0 o
81567432 81567712 IGHV2D-29 0 o
81504924 81595202 IGHVED-27 1 0
81598873 81599174 IGHVID25 0 o
81618930 81619217 IGHVID22 1 2
81628800 81629081 IGHVID-21 2 o
81620835 81630118 IGHVBD-20 0 0
81630920 81631246 IGHVED-19 0 o
81637541 81637838 IGHVED-18 0 o
81674597 81674901 IGHVAD-13 0 o
81699366 81699678 IGHVGD-10 0 o
81704399 81704711 IGHV6D-8 0 0
81713243 81713531 IGHV6D-6 3 1
8174552 81745784 IGHVID3 2 0
81746308 81746602 IGHVOD-2 1 0
81750741 81751044 IGHV16D-1 6 2
81671030 81671329 IGHVID-14 0 0
81367086 81367437 IGHVID-67 0 0
81367599 81367922 IGHV15D-66 0 o
81430263 81430605 IGHV15D-563 0 o
81350137 81369442 IGHVID-70 0 0
81676641 81676923 IGHVSD-11 0 o
Total 23(13) 0 53 10
(®)
Chr3 48030797 48031104 IGH 201) 0 48138071 48138427 IGHV8-29 0 0
1GHV10-47
Chri3 48034515 48034814 IGHVB-46 10) 0 48027352 48027666 IGHV15-48 7 0
Chri3 48054181 48054484 IGHV1-42 [ [ 48046874 48047207 IGHV9-45 1 0
Chri3 48073234 48073536 IGHVE-40 0 0 48048080 48048362 IGHV4-44 0 0
Chri3 48077115 48077414 IGHV1-39 1(1) [ 48051342 48051671 IGHV1-43 2 0
Chri3 48062080 48082391 IGHV16-37 30) 0 48068027 48068332 IGHV1-41 0 0
Chri3 48093298 48093507 IGHVi-36 0 0 48079966 48080277 IGHV16-38 1 0
Chri3 48104897 48105217 IGHVG-35 0 0 48108554 48108889 IGHVO-34 0 0
Chri3 48109683 48109994 IGHV14-33 0 0 48146928 48147231 IGHV2-27 3 0
Chri3 48122499 48122783 IGHVG-32 0 0 48147810 48148106 IGHVE-26 3 0
Chri3 48127168 48127466 IGHVG-31 0 0 48157816 48158168 IGHV9-24 5 2
Chri3 48135320 48135631 IGHVE-30 0 0 48211869 48212178 IGHV7-17 3 0
Chri3 48145742 48146047 IGHV2-28 70) 0 48244719 48245034 IGHV10-12 3 0
Chri3 48148981 48149284 IGHV11-25 0 0 48245867 48246172 IGHVE-11 2 0
Chri3 48164983 48165317 IGHV9-23 49 0 48254879 48254570 IGHV16-9 0 0
Chri3 48166898 48167189 IGHV4-22 97 0 48279548 48279841 IGHVA-7 0 0
Chri3 48168162 48168465 IGHVi-21 50) 0 48280387 48280681 IGHV4-6 4 1
Chri3 48174816 48175127 IGHV3-20 4@ 0 48316059 48315761 IGHVE-3 3 0
Chri3 48191970 48192272 IGHVB-19 66) 0 48339577 48339885 IGHV4-1 0 0
Chri3 48201668 48201973 IGHVi-18 20) 0 48076216 48076475 IGHV13-39 4 0
Chri3 48222441 48222126 IGHVO-16 1(1) 1
Chri3 48223844 48223544 IGHVO-15 4@ 0
Chri3 48237583 48237809 IGHVIG-14 66) 0
Chri3 48243683 48243987 IGHVI-13 30) 0
Chri3 48250487 48250789 IGHVi-10 0 0
Chri3 48257525 48257828 IGHV2-8 2(1) 0
Chri3 48307972 48307670 IGHVES 7 0
Chri3 48312160 48311865 IGHVE-4 0 0
Chri3 48327417 48827761 IGHVi-2 0 0

Total 67(40) 1 41 3
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