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ABSTRACT

IMGT®, the international InMunoGeneTics informa-
tion system®, http://www.imgt.org/, is at the fore-
front of the immunogenetics and immunoinformatics
fields with more than 30 years of experience. IMGT®
makes available databases and tools to the scien-
tific community pertaining to the adaptive immune
response, based on the IMGT-ONTOLOGY. We focus
on the recent features of the IMGT® databases, tools,
reference directories and web resources, within the
three main axes of IMGT® research and develop-
ment. Axis | consists in understanding the adaptive
immune response, by deciphering the identification
and characterization of the immunoglobulin (1G) and
T cell receptor (TR) genes in jawed vertebrates. It
is the starting point of the two other axes, namely
the analysis and exploration of the expressed IG and
TR repertoires based on comparison with IMGT ref-
erence directories in normal and pathological situa-
tions (Axis Il) and the analysis of amino acid changes
and functions of 2D and 3D structures of antibody
and TR engineering (Axis IlI).

INTRODUCTION

The adaptive immune response appeared with the jawed
vertebrates (or Gnathostomata), 450 million years ago. It
is characterized by a remarkable immune specificity and
memory which are the properties of the B and T cells
owing to an extreme diversity of their antigen receptors,
immunoglobulins (IG) or antibodies and T cell receptors

(TR) (1). In human and other mammals, an IG consists
of two identical light chains (Kappa (IGK) or Lambda
(IGL)) and two identical heavy chains (IGH) (2), while a
TR consists of two chains, either Alpha (TRA) and Beta
(TRB), or Gamma (TRG) and Delta (TRD) (3). Each IG
and TR chain comprises a variable domain (V-DOMAIN)
which determines the specificity for the antigen, and a con-
stant region (C-REGION). The V-DOMAIN results from
the genomic DNA rearrangement of variable (V), diver-
sity (D) and joining (J) genes for IGH, TRB and TRD
chains (V-D-J-REGION) and from V and J genes for IGK,
IGL, TRA and TRG chains (V-J-REGION) (Supplemen-
tary Figure S1). Additional mechanisms occurring during
the rearrangements (N diversity, somatic hypermutations
for the IG) contribute to the extreme diversity of the IG and
TR (theoretically 10'? different IG and TR per individual,
which is only limited by the number of the B and T cells that
an organism is genetically programmed to produce).

IMGT®, the international InMunoGeneTics informa-
tion system® (http://www.imgt.org) (4), was created in 1989
in order to characterize the genes and alleles involved in
the IG and TR synthesis of vertebrates. IMGT® is an in-
tegrated knowledge system for sequences, genes and struc-
tures of the IG or antibodies, TR and major histocompati-
bility proteins (MH) of the adaptive immune responses, as
well as of other proteins of the IG superfamily (IgSF) and
MH suéerfamily (MhSF) of vertebrates and invertebrates.
IMGT® comprises 7 databases, 17 online tools (Figure 1A)
and >20 000 pages of Web resources.

The accuracy and the consistency of the IMGT® data
are based on IMGT-ONTOLOGY (5,6), the first ontology
for immunogenetics and immunoinformatics and IMGT
Scientific chart rules. IMGT-ONTOLOGY includes the
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B Main databases and datasets in the
three axes of the IMGT information system

[~ — =
/ GT/LIGM-DB| [eTg
— _PRIMER-DB
MGT/CLLDB | * IMGT/Allele-Align
AN
/N L

\ IMGT/V-QUEST

- | IMGT/mAb-DB
IMGT/GeneFrequency. N
IGT/JunctionAnalysi

IMGT/Genelnfo
IMGT/CloneSearch IMGT/
| 2Dstructure-DB
IMGT/GeneSearch

/

IMGT/GeneView

/" | IMGT/DomainDisplay

IMGT/LocusView
/
IMGT/LIGMotif /

“{IMGT/GENE-DB|
— MGT,

_ tructu

/

I W Sequences

Genes =
[T 3D structures w
Monoclonal antibodies

Vs IMGT/DomainGapAlign

IMGT/Collier-de-Perles

Deciphering IG & TR loci, genes and\
alleles in genomes of jawed vertebrates

[ R —
IGT/LIGM-DB IMGT/GEN@ IMGT/LIGMotif

IMGT Reference
directory

IMGT Repertoire

MGT/HighV-QUEST
IMGT/V-QUEST
GT/JunctionAnalysi

2D and 3D structure databases and
@ tools for analysis of the adaptive

immune proteins

IMGT/
2Dstructure-DB

IMGT/Collier-de-Perles

IMGT/DomainGapAlign

IMGT,

ructu

k IMGT/mAb-DB /

Figure 1. IMGT resources. (A) Overview of IMGT databases and tools for genes, sequences and structures. (B) Main databases and datasets in the three

axes of IMGT information system.

IMGT structured terminology and the annotation rules and
is composed of seven axioms. The IDENTIFICATION ax-
iom provides the standardized keywords for the identifica-
tion of nucleotide and protein sequences and the 3D struc-
tures. The DESCRIPTION axiom comprises the IMGT
standardized labels for the description and the delimita-
tion of constitutive motifs within sequences and structures.
The CLASSIFICATION axiom defines the criteria for IG
and TR genes and alleles classification for the setting of the
standardized nomenclature. The NUMEROTATION ax-
iom includes the IMGT unique numbering and its graph-
ical 2D representation, the IMGT Collier de Perles. The
LOCALIZATION axiom allows to characterize the local-
ization of IG and TR genes. The ORIENTATION axiom
defines the orientation of genomic instances (chromosome,
locus and gene) of DNA strands. The OBTENTION ax-
iom precises the biological and methodological origins of
the IMGT data (5,6).

IMGT® comprises in particular databases which are spe-
cialized in nucleotide sequences (IMGT/LIGM-DB) (7),
genes and alleles (IMGT/GENE-DB) (8), amino acid se-
quences and 2D (IMGT/2Dstructure-DB) and 3D struc-
tures (IMGT/3Dstructure-DB) (9) and therapeutic mon-
oclonal antibodies (IG, mAb) and other proteins for clin-
ical applications (IMGT/mAb-DB) (4). The four IMGT
databases, the related tools and Web resources are described
in this manuscript through the three main axes of IMGT re-
search and development: the identification and characteri-
zation of IG and TR genes and knowledge of their genomic

organization (Axis I), the analysis and exploration of the
expressed IG and TR repertoires in normal and pathologi-
cal situations (Axis II) and the analysis of adaptive immune
proteins from antigen receptor to amino acid changes (Axis
I1T) (Figure 1B).

AXIS |1 UNDERSTANDING THE ADAPTIVE IM-
MUNE RESPONSE: GENE CHARACTERIZATION AND
KNOWLEDGE OF THEIR GENOMIC ORGANIZATION

IG and TR chains are encoded by polymorphic multigene
families located on different chromosomes. In humans and
other mammals, there are seven main loci for IG and TR:
three for IG (IGH, IGK and IGL) (2,10) and four for TR
(TRA, TRB, TRD and TRG) (3). The V, D, J and con-
stant (C) IMGT gene names were assigned according to the
concepts of the CLASSIFICATION axiom (5,6) and were
approved by the Human Genome Organization (HUGO)
Nomenclature Committee (HGNC) for human (11) in 1999
and were endorsed by the WHO IUIS Nomenclature Sub-
committee for IG and TR (12).

The characterization of genes and alleles for the seven
loci of human (Homo sapiens) and mouse (Mus mus-
culus) were published in 2001 and 2005. The organiza-
tion of the genes within these loci was deduced and
built from the complete annotation of the genomic nu-
cleotide sequences and contigs integrated in the IMGT
nucleotide sequence database IMGT/LIGM-DB (7) from
European Nucleotide Archive (ENA) (13) and Gen-
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Bank (14). IMGT genes and alleles are managed in the
IMGT gene database IMGT/GENE-DB (8) and dis-
played in IMGT Repertoire (IMGT Web resources) and
IMGT tools (http://www.imgt.org/IMGTposters/Poster-
10th-Biocuration-Conference2017.pdf).

With the introduction of genome assemblies, which
have become available in NCBI assembly (15) and En-
sembl (16), IMGT@®) developed a new approach and
new concepts in order to decipher complete IG and TR
loci. First of all, IMGT® defines conserved genes that
flank the IG and TR loci, designated as ‘IMGT bornes’.
IMGT bornes are genes coding for proteins other than
IG or TR, which are conserved among species. They
are located either upstream of the first IG or TR gene
(IMGT _locus_Sprime_borne) or downstream of the last IG
or TR gene (IMGT _locus_3prime_borne) of the IMGT lo-
cus. If the IMGT bornes are identified and are at most 10
kb away from the closest IG or TR genes, they will be in-
cluded in the locus genomic nucleotide sequences available
through IMGT/LIGM-DB.

These IMGT bornes have allowed to set a standardized
delimitation of the locus whatever the species and they are
helpful for comparative genomics. However, such conserved
non IG or TR genes could not be systematically defined
(n.d.) up to now, as for example for the IGH locus. In ab-
sence of the IMGT borne, the limit of the locus is artifi-
cially defined by 10 kb in 5" upstream of the first IG or TR
gene and in 3’ downstream from the last IG or TR gene.
TRB is an example of locus with delimited IMGT bornes
and can be accessed on the page http://www.imgt.org/
IMGTrepertoire/LocusGenes/bornes/bornesTRB.html.

IMGT/LIGM-DB

IMGT/LIGM-DB provides standardized and detailed im-
munogenetics annotations for IG, TR and MH nucleotide
sequences from human and other vertebrate species (7).
IMGT/LIGM-DB includes sequences from different steps
of IG and TR synthesis and therefore, it integrates: (i)
large germline (non-rearranged) genomic DNA (gDNA)
sequences, which may involve a complete locus from sev-
eral hundred kilobases to one (or more) megabase(s); (ii)
rearranged gDNA sequences resulting from the recombi-
nation of V, J genes or V, D and J genes; and (iii) rear-
ranged V-J-C and V-D-J-C complementary DNA (cDNA)
sequences.

Most of the IMGT/LIGM-DB nucleotide sequences
come from ENA and from GenBank, using the same acces-
sion numbers to facilitate interoperability with the general-
ist nucleotide databases. More recently, with the extraction
of IG and TR loci nucleotide sequences from NCBI genome
assemblies, IMGT® created new IMGT/LIGM-DB acces-
sion numbers starting with ‘IMGT’ followed by 6 digits.
IMGT/LIGM-DB sequences are annotated according to
IMGT-ONTOLOGY concepts of the DESCRIPTION ax-
iom (5,6), with IMGT labels (http://www.imgt.org/ligmdb/
label) and IMGT qualifiers (http://www.imgt.org/ligmdb/
qualifier.action). In order to delimit and annotate a com-
plete IG or TR locus extracted from genome assemblies, a
specific IMGT label and a set of IMGT qualifiers has been
created for its description (Table 1).

IMGT/LIGM-DB interface

The IMGT/LIGM-DB data are accessible via a
user-friendly interface described previously in (7).
IMGT/LIGM-DB can be queried by: Accession number,
IMGT-ONTOLOGY concepts (IDENTIFICATION
or Keywords, CLASSIFICATION, DESCRIPTION or
labels, OBTENTION), or bibliographical references.

For each nucleotide sequence, IMGT/LIGM-DB pro-
vides “View details’ displaying an IMGT/LIGM-DB entry
according to nine topics: annotations, IMGT flat file, cod-
ing regions with protein translation, catalogue and exter-
nal references, sequence in IMGT/LIGM-DB dump for-
mat, sequence in FASTA format, sequence with three read-
ing frames, EMBL flat file, and a direct link to IMGT/V-
QUEST (17). As of September 2021, IMGT/LIGM-DB
contains 196,516 entries from 358 species and 48,682 1G
and TR nucleotide sequences are fully annotated. Weekly
release of IMGT/LIGM-DB flat files can be downloaded
directly from the IMGT web site (http://www.imgt.org/
download/LIGM-DB/) and from ENA (http://ftp.ebi.ac.
uk/pub/databases/imgt/LIGM-DB/).

IMGT/GENE-DB

The curated IG and TR genes are entered and managed
in IMGT/GENE-DB (8) with all IMGT identified alleles,
which highlight the potential high polymorphism of these
genes. Each allele is characterized by its IMGT reference al-
lele sequence defined for the coding label V-REGION (with
gaps according to the IMGT numbering (18)), D-REGION,
J-REGION and C-REGION (or C exons) (with gaps for C-
DOMAIN according to the IMGT numbering (19)) of the
V, D, J and C genes respectively. An IMGT allele reference
sequence is identified by IMGT/LIGM-DB accession num-
ber, IMGT gene and allele names, species, allele functional-
ity and IMGT label. IMGT allele reference sequences com-
pose the IMGT reference directories that are used by IMGT
sequence analysis tools and by IMGT databases and IMGT
Web resources for sequence comparison.

IMGT/GENE-DB interface

From the IMGT/GENE-DB Query page, search can be
performed by IMGT-ONTOLOGY concepts (IDENTIFI-
CATION or keywords, LOCALIZATION, and CLASSI-
FICATION), LOCALIZATION IN GENOME ASSEM-
BLIES or IMGT/GENE-DB direct links. IMGT/GENE-
DB provides a full access to characterized genes and
alleles displaying an IMGT/GENE-DB entry according
to six topics: IMGT gene name and definition, Chro-
mosomal localization, IMGT reference alleles, Annotated
IMGT/LIGM-DB ¢cDNA and rearranged genomic DNA
sequences, Annotated IMGT/3Dstructure-DB structures,
and External links.

The section ‘LOCALIZATION IN GENOME ASSEM-
BLIES’ created in 2015, provides the localizations of the
genes and alleles, and IMGT labels in the reference genome
assemblies available at NCBI. For each gene, its orientation
in the locus is mentioned, and the allele identified in the
sequence of the assembly is indicated with its characteris-
tics. The ‘IMGT/GENE-DB direct links’ allows to query
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Definition

New IMGT concepts
IMGT label IMGT-LOCUS-UNIT
IMGT qualifiers IMGT locus_3prime_borne

IMGT locus_3prime_gene

IMGT _locus_Sprime_borne
IMGT locus_Sprime_gene

IMGT _locus_length
IMGT locus_name

IMGT _locus_orientation

IMGT _locus_positions
IMGT locus_type

gDNA of an immunoglobulin (IG) or T cell receptor (TR) IMGT locus
unit from chromosome genomic assembly, that starts at the 5 prime (5)
end of the most 5’ IG or TR GENE-UNIT in the locus and ends at the 3
prime (3') end of the most 3 IG or TR GENE-UNIT in the locus
Name of the gene identified as the 3’ borne of an IMGT-LOCUS-UNIT
IMGT gene name of the most 3 IG or TR GENE-UNIT of an
IMGT-LOCUS-UNIT

Name of the gene identified as the 5’ borne of an IMGT-LOCUS-UNIT
IMGT gene name of the most 5’ IG or TR GENE-UNIT of an
IMGT-LOCUS-UNIT

Length of an IMGT-LOCUS-UNIT in kb or in bp

Name of an IMGT-LOCUS-UNIT, that includes the Latin genus and
species name and the IMGT locus type

Orientation of an IMGT-LOCUS-UNIT on a chromosome, is either
forward (FWD) or reverse (REV)

Positions of an IMGT-LOCUS-UNIT on a chromosome

IMGT locus type (in higher vertebrates: IGH, IGK, IGL, TRA, TRB,
TRG, TRD) of an IMGT-LOCUS-UNIT

dynamically the database, on IMGT gene name, IMGT
Group, and to extract labels from the reference sequences of
a given gene or gene group. The format for IMGT/GENE-
DB direct links is described in http://www.imgt.org/genedb/
directlinks.

As of September 2021, IMGT/GENE-DB contains
8,498 genes, 11,349 alleles from human, mouse and other
vertebrates. The reference sequences of the IG and TR
genes in FASTA format are accessible by group and species
from  http://www.imgt.org/vquest/refseqh.html#refdir2.
IMGT/GENE-DB has a specific section in the IMGT
downloads’ section, updated weekly, of the IMGT® portal
(http://www.imgt.org/download/GENE-DB/) in different
formats.

With the development of new high throughput sequenc-
ing technologies for the analysis of IG and TR reper-
toires, new potential alleles are highlighted by inference
from expressed repertoires, particularly in human. Inferred
alleles are not systematically integrated within the IMGT
databases, because the sequences are not mapped. How-
ever, IMGT® can accept inferred alleles if and only if vali-
dated by the Working Group (WG) Inferred Allele Review
Committee (IARC), within the Adaptive Immune Receptor
Repertoire (AIRR) community. IARC ensures that IMGT
data quality requirements are met. Nevertheless, reference
sequences of inferred alleles are replaced by the correspond-
ing germline DNA sequence once they are characterized
(20).

IMGT Repertoire

An overview of IMGT® annotated data is com-
piled and knowledge pages are made available
in IMGT Web Resources ‘IMGT Repertoire’
(http://imgt.org/IMGTrepertoire/), the global ImMuno-
GeneTics Web Resource for IG, TR, MH of human and
other vertebrate species. IMGT Repertoire includes seven
organized sections: Locus and genes, Proteins and alleles,
2D and 3D structures, Probes and RFLP, Taxonomy, Gene
regulation and expression, Genes and clinical entities.
Novel IMGT Repertoire (IG and TR) pages in Locus
and genes section were created, focusing on the ‘Locus

descriptions’, including Locus bornes, Locus in genome
assembly and Locus gene order.

As of September 2021, the number of species present in
the IMGT Repertoire reaches 80 species. For each gene an-
alyzed, there are >200 different information fields avail-
able in IMGT databases and web pages. Therefore, IMGT
Repertoire bridges the gap between curated data resulting
from Axis I and IMGT databases and tools (Table 2).

IMGT®) has recently performed the biocuration of the
I1G and TR loci of several veterinary species which are useful
for biotechnological applications that can also be applied to
human medicine (21-27). IMGT Biocuration makes possi-
ble the understanding of the gene characterization and the
genomic organization of IG and TR, which provide a better
understanding of the adaptive immune response.

AXIS 1l EXPLORING THE EXPRESSED IG AND TR
REPERTOIRES

The analysis of the expressed IG and TR repertoires has
become an essential step for the study and the under-
standing of the adaptive response in normal (infectious
diseases, vaccination) and pathological situations (autoim-
mune diseases, cancers) especially since the advent of high
throughput sequencing (HTS) over a decade ago. Basically,
this analysis relies on the comparison of the expressed V-
DOMAIN with the reference sequences of IG and TR genes
and alleles. The dedicated and widely used IMGT tools for
the IG and TR V-DOMAIN nucleotide sequence analysis
are IMGT/V-QUEST (17) and its high throughput version
IMGT/HighV-QUEST (28,29).

The IMGT/V-QUEST reference directories used by
both tools for sequence comparison are defined of IG
and TR gene and allele data from species managed in
IMGT/GENE-DB and in the IMGT Web resources. They
comprise one sequence per V-REGION, D-REGION, J-
REGION of functional, ORF and in-frame pseudogenes
V, D and J genes and alleles respectively. V-REGION are
gapped according to the IMGT unique numbering (18). Ta-
ble 3 summarizes the IMGT/V-QUEST reference directo-
ries per species and locus available for V-DOMAIN analy-
sis.
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Table 2. 54 fully annotated IG and TR loci are available in IMGT databases and tools, among these 54 loci, 50 have an IMGT locus accession number
and 4 (with * in this table) have accession numbers from ENA, NCBI and Ensembl contigs built before the creation of IMGT Locus accession numbers.
Note that the IMGT® biocuration of the first two fully annotated species, human (Homo sapiens) and mouse (Mus musculus) are not shown in this table.
More information is available in http://www.imgt.org/IMGTrepertoire/LocusGenes/

Chromosomal NCBI Chromosome IMGT locus
Taxon Species NCBI Assembly Locus localization Accession numbers Accession numbers
MAMMALIA Bos taurus (bovine) ARS-UCDI.2 IGK 11 CMO008178.2 IMGT000047
EUTHERIA Breed: Hereford
(placentals)
IGL 17 CM008184.2 IMGT000046
TRA 10 CMO008177.2 IMGT000049
TRD 10 CMO008177.2 IMGT000049
Bos taurus (bovine) Unknown IGH 21q24 Unknown *
Breed: Holstein
Bos taurus (bovine) Unknown TRG 4 Unknown *
Camelus dromedarius CamDro3 IGK 28 CMO016654.2 IMGT000061
(Arabian camel)
Canis lupus familiaris CanFam3.1 IGH 8 CMO000008.3 IMGT000001
(dog) Breed: Boxer
IGK 17 CM000017.3 IMGT000002
IGL 26 CM000026.3 IMGT000003
TRA 8 CM000008.3 IMGT000004
TRB 16 CM000016.3 IMGT000005
TRD 8 CM000008.3 IMGT000004
TRG 18 CM000018.3 IMGT000006
Canis lupus familiaris Basenji_breed-1.1 IGK 17 CMO016447.1 IMGT000067
(dog) Breed: Basenji
Capra hircus (goat) ARSI IGK 11 CMO004572.1 IMGT000009
Breed: San Clemente
IGL 17 CMO004578.1 IMGT000033
Equus caballus (horse) EquCab3.0 IGH 24 CMO009171.1 IMGT000040
Breed: Thoroughbred
IGK 15 CMO009162.1 IMGT000053
Equus caballus (horse) EquCab2.0 IGK 15 CM000391.2 IMGT000060
Breed: Thoroughbred
Felis catus (domestic Felis_catus_9.0 IGK A3 CM001380.3 IMGT000050
cat) Breed: Abyssinian
IGL D3 CM001389.3 IMGT000038
TRA B3 CM001383.3 IMGT000045
TRB A2 CM001379.3 IMGT000037
TRD B3 CM001383.3 IMGT000045
TRG A2 CM001379.3 IMGT000036
Macaca fascicularis Macaca_fascicularis_5.0 TRB 3 CMO001921.1 IMGT000075
(crab-eating macaque)
Macaca mulatta Mmul_10 IGH 7 CMO014342.1 IMGT000064
(Rhesus monkey)
Isolate: AG07107
IGK 13 CMO014348.1 IMGT000063
IGL 10 CMO014345.1 IMGT000062
TRB 3 CMO014338.1 IMGT000073
TRG 3 CMO014338.1 IMGT000059
Macaca mulatta Mmul_8.0.1 TRA 7 CMO002991.3 IMGTO000013
(Rhesus monkey)
Isolate: 17573
TRB 3 CM002984.2 IMGT000012
TRD 7 CM002991.3 IMGT000013
Mustela putorius furo MusPutFurl.0 TRB Unknown Unplaced genomic IMGT000023
(Domestic ferret) Breed: scaffold
Sable
Oryctolagus cuniculus OryCun2.0 TRA 17 CM000806.1 IMGT000031
(rabbit) Breed:
Thorbecke inbred
TRB Unknown Unplaced genomic IMGT000032
scaffold
TRD 17 CMO000806.1 IMGT000031
TRG 10 CM000799.1 IMGT000030
Ovis aries (sheep) Breed: Oar_v4.0 IGK 3 CM001584.2 IMGT000010
Texel
IGL 17 CM001598.2 IMGT000034
Ovis aries (sheep) Breed: Oar_rambouillet_v1.0 IGL 17 CMO008488.1 IMGT000041
Rambouillet
TRA 7 CMO008478.1 IMGT000048
TRB 4 CMO008475.1 IMGT000042
TRD 7 CMO008478.1 IMGT000048
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Chromosomal NCBI Chromosome IMGT locus
Taxon Species NCBI Assembly Locus localization Accession numbers Accession numbers
Rattus norvegicus Rn_Celera Alternate IGH 6q32,33 CMO000236.2 *
(Norway rat) Strain: Assembly AC_000074.1
BN; Sprague-Dawley
Sus scrofa (pig) Breed: Sscrofall.l TRB 18 CMO000829.5 IMGT000039
Duroc
Tursiops truncatus turTrul (Ensembl TRA Unknown Ensembl genomic IMGT000016
(bottlenose dolphin) assembly) scaffold
IMGT000017
IMGTO000018
IMGT000020
TRD Unknown IMGT000016
IMGT000017
IMGTO000018
Tursiops truncatus NIST Tur_tru vl TRG Unknown Unplaced genomic IMGTO000015
(bottlenose dolphin) scaffold
Isolate:
MMESES2002162SC
Aves Gallus gallus (chicken) GRCg6 IGH 31 CMO003638.2 IMGT000014
Breed: Red Jungle fowl
Gallus_gallus-5.0 Unknown Unplaced genomic IMGT000007
scaffold
Teleostei Danio rerio (zebrafish) GRCzl11 IGH 3 CM002887.2 *
Isolate: Tuebingen
Oncorhynchus mykiss Omyk_1.0 IGH 13 CMO007947.1 IMGT000043
(Rainbow trout) Isolate:
Swanson
12 CMO007946.1 IMGTO000044
Salmo salar (Atlantic ICSASG.v2 IGH 6 CM003284.1 IMGT000028
salmon) Breed: double
haploid
3 CM003281.1 IMGT000029

Table 3. IMGT/V-QUEST reference directories for the analysis of rearranged V-DOMAIN (release 202135-4 on 2 September 2021).

IMGT/V-QUEST reference directories

Taxon Species 1G TR
MAMMALIA EUTHERIA Homo sapiens (human) IGH, IGK, IGL TRA, TRB, TRG, TRD
(placentals)
Mus musculus (mouse) IGH, IGK, IGL TRA, TRB, TRG, TRD
Aotus nancymaae (Ma’s night monkey) TRA, TRG
Bos taurus (bovine) IGH, IGK, IGL TRA, TRG, TRD
Camelus dromedarius (Arabian camel) IGK TRB, TRG
Canis lupus familiaris (dog) IGH, IGK, IGL TRA, TRB, TRG, TRD
Capra hircus (goat) IGK, IGL
Equus caballus (horse) IGH, IGK
Felis catus (domestic cat) IGK, IGL TRA, TRB, TRG, TRD
Macaca fascicularis (crab-eating macaque) IGH TRB
Macaca mulatta (Rhesus monkey) IGH, IGK, IGL TRA, TRB, TRG, TRD
Mustela putorius furo (ferret) TRB
Oryctolagus cuniculus (rabbit) IGH, IGK, IGL TRA, TRB, TRG, TRD
Ovis aries (sheep) IGH, IGK, IGL TRA, TRB, TRD
Rattus norvegicus (Norway rat) IGH, IGK, IGL
Sus scrofa (pig) IGH, IGK, IGL TRB
Tursiops truncatus (bottlenose dolphin) TRA, TRG, TRD
Vicugna pacos (alpaca) IGH
MAMMALIA PROTHERIA Ornithorhynchus anatinus (platypus) IGH
(monotremes)
Aves Gallus gallus (chicken) IGH, IGL
Teleostei Danio rerio (zebrafish) IGH, IGI TRA, TRD
Oncorhynchus mykiss (Rainbow trout) IGH TRB
Salmo salar (Atlantic salmon) IGH
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The classical functionalities of IMGT/V-QUEST and
IMGT/HighV-QUEST tools have been described previ-
ously (17,28-30) and the main results deduced from align-
ments with the IMGT reference directories by the tools are
listed in Table 4.

It should be noticed that the V-DOMAIN analysis based
on the IMGT/V-QUEST directories has been extended to
two new advanced functionalities, one related to the anti-
body engineering for analysis and annotation of scFv (se-
quences comprising 2 IG or TR V-DOMAIN covalently
linked by a linker) (30) and the second one related to clinical
applications with identification of sequences that could be
assigned to stereotyped subsets 2 and 8 of Chronic Lympho-
cytic Leukemia (CLL), related to a non-favourable prognos-
tic outcome (34,35). Interestingly, the characterization of
the IMGT clonotypes (AA) and the evaluation of profiles
for clonal diversity and expression (36) performed by statis-
tic module of IMGT/HighV-QUEST and the subsequent
statistical analysis (37) also rely on the results deduced from
the alignment of the IMGT/V-QUEST reference directory
sets.

IMGT reference directory sets are used by other exter-
nal tools dedicated to IG and TR analysis based on se-
quence comparison such as IgBLAST (38) and MiXCR
(39). The IMGT/V-QUEST reference directory sets are reg-
ularly enriched with the results of Axis I, whether it is
the integration of a new species or the upgrade of exist-
ing repertoires. Each update gives rise to a new IMGT/V-
QUEST reference directory release (see http://www.imgt.
org/IMGT _vquest/data_releases). Links to the IMGT/V-
QUEST reference directory sets per species, locus and
gene type are available in IMGT reference directory in
FASTA format (IG and TR) from http://www.imgt.org/
vquest/refseqh.html#VQUEST and from the IMGT/V-
QUEST Welcome page.

AXIS IIl IMGT 2D AND 3D STRUCTURE DATABASES
AND TOOLS FOR ANALYSIS OF THE ADAPTIVE IM-
MUNE PROTEINS

Considering the great complexity of the immune proteins,
their interactions with the antigens and their high num-
ber of published sequences, the classification and the de-
tailed annotation are very difficult tasks, especially at the
structural level. Therefore, a specialized 3D immune pro-
tein database was established to identify the genes and al-
leles encoding these proteins through alignment against
the amino acid IMGT reference directory, provided by
Axis 1.

Since 2001, IMGT/3Dstructure-DB (9) has provided
IMGT annotations and contact analysis for immune pro-
teins structural data. From 2008 onwards, AA sequences
of mAb and fusion proteins for immune applications
from World Health Organization (WHO) - International
Nonproprictary Names (INN) programme (40,41) are be-
ing incorporated in IMGT/2Dstructure-DB, a section
of IMGT/3Dstructure-DB. To bring together informa-
tion about therapeutic proteins and to facilitate their ac-
cess, IMGT/mAb-DB was made available online in 2010.
IMGT/mAb-DB extends 2D and 3D annotations with a
unique resource on mAbs and relevant therapeutic meta-

data. Figure 2 provides a schematic representation of the
whole procedure.

IMGT /3Dstructure-DB functionalities

The IMGT/3Dstructure-DB structural data are ex-
tracted from the Research Collaboratory for Struc-
tural Bioinformatics (RCSB) Protein Data Bank (PDB)
(42) and annotated according to the IMGT Scientific
chart rules based on the IMGT-ONTOLOGY con-
cepts (5,6,43). IMGT/3Dstructure-DB integrates the
IMGT/DomainGapAlign tool (44), which aligns the
AA sequences per domain, creates gaps according to the
IMGT unique numbering and highlights differences with
the closest reference genes and alleles found in the IMGT
reference directory. 3D structure analysis includes chain
annotation, paratope/epitope description of IG/antigen
and TR/pMH complexes and contact analysis.

IMGT /2Dstructure-DB functionalities

The IMGT/2Dstructure-DB data include AA sequences of
immune proteins, which are retrieved from WHO-INN pro-
gramme (41) and from Kabat database (45). The AA se-
quences are analysed with the IMGT® criteria of the stan-
dardized IDENTIFICATION axiom, DESCRIPTION ax-
iom, CLASSIFICATION axiom and NUMEROTATION
axiom (5,6), and the V, C and G domain sequences are num-
bered according to the IMGT unique numbering (18,19,44).

Amino acid sequences from the WHO-INN programme
have been provided since 2008 (IMGT entry type INN).
This programme provides names for pharmaceutical sub-
stances recognized worldwide in biannual lists. The IMGT
INN data include mAb, fusion proteins for immune ap-
plication (FPIA), composite proteins for clinical applica-
tions (CPCA) and related proteins of the immune system
(RPI). The INN name, INN number, common name, com-
mercial name, Proposed and Recommended lists are avail-
able for each entry, along with the IMGT receptor descrip-
tion, the target and the molecule species. Recently, AA se-
quences of CAR-T (chimeric antigen receptor T cell) and
TR were made available in IMGT/2Dstructure-DB, also
from WHO-INN, after translating the nucleotide sequences
and analysing them according to standardized IMGT infor-
mation on chains and domains by IMGT experts.

IMGT/2Dstructure-DB and IMGT/3Dstructure-DB
use the same interface via which amino acid sequences and
3D structures for immunological proteins can be queried
and analysed. Currently, their algorithms have been revis-
ited and they are more robust and efficient. Around 100
new structures are automatically retrieved from PDB per
month. As of September 2021, the IMGT/3Dstructure-DB
and IMGT/2Dstructure-DB have 7,657 entries, 6,533
PDB, 788 INN and 336 KAB.

IMGT /mAb-DB for therapeutic proteins

IMGT/mAb-DB provides a unique resource on mAbs and
other therapeutic proteins. This database facilitates access
to the therapeutic proteins present in IMGT/2Dstructure-
DB and IMGT/3Dstructure-DB. The database is updated
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Table 4. IMGT/V-QUEST reference directory based alignment results for nucleotide V-DOMAIN analysis

IMGT/V-QUEST reference
directory sets IMGT tools Results for IG and TR V-DOMAIN
V, D, J reference sequences IMGT/V-QUEST 1. Introduction of IMGT gaps according to the IMGT unique
per species and per locus IMGT/HighV-QUEST numbering (18)
2. Identification of the closest germline V, D and J genes and alleles
3. Delimitation of the FR-IMGT and CDR-IMGT
Closest germline V gene 5. Identification of indels and their corrections (optional) (17)
and allele
6. Evaluation of the percentage of identity for the V-REGION
7. Description of mutations and amino acid (AA) changes
(transitions, transversions, codon change, qualification of AA
change according to the eleven IMGT AA classes (31), localisation
of mutation hotspot motifs)
Closest V, D, J genes and Performed by the integrated 8. Analysis of the Junction
alleles IMGT/JunctionAnalysis (32).
IMGT/V-QUEST 9. Evaluation of the V-DOMAIN functionality
IMGT/HighV-QUEST
Performed by the integrated 10. Complete V-DOMAIN annotation (33)
IMGT/Automat (33)
IMGT/V-QUEST 11. Advanced functionality for Clinical application: search for
CLL subsets #2 and #8 (optional) (34,35)
Content User Interface

Data input \ ﬁ\,}‘l‘ IMGT/3Dstructure-DB query page ‘)}
K Search by Entry code or Molecule name (receptor or ligand) \

vy:.'i*v World Health Kabat %
E\L\J Organlzatlon] [ Data base x%%(mR R R Search using IMGT-ONTOLOGY concepts

INN list [oewmmcanon
|
AA sequences 3D structures | o antry e 708 O v O Kaoet @ sy
== :
MGT receptor type: 0O O Orm O rPa OcPea ® any

it O e O RerasiLee

v O scrv O rae O fc

Search using alignments.

IMGT® analyses

A Namber of resuts (10 v

/ Chain identification 3D structure analysis \
V,D.J,C gene and allele CDR-IMGT : .
i dentification lengths Contact analysis Paratope/Epitope K —— /
Immunoglobulin, T cell Receptor S el N
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s 2 AA sequences ,‘%(S.", 3D structures Therapeutic proteins

- Radiolabelled/Conjugated/Fused molecule
/ - Clinical trials J

Figure 2. Axis III workflow overview. The left panel displays all analysis processes: the data input panel shows the sources of the data present in the Axis
III databases. The data analysis procedure is done by IMGT experts and it includes the analysis of the amino acid sequences and the 3D structures. Data
are stored in IMGT/2Dstructure-DB and IMGT/3Dstructure-DB and linked to IMGT/mAb-DB. The right panel shows the user interface that provides
flexible ways to query the data sets. The result page panel shows the online tools, such as IMGT/DomainGapAlign (Chain Details) and IMGT/Collier-de-
Perles included in IMGT/2Dstructure-DB and Paratope/Epitope description and 3D structure incorporated in IMGT/3Dstructure-DB. IMGT/mAb-DB
centralizes the information present in the other databases and adds several metadata for therapeutic proteins.
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twice per year, in line with WHO-INN lists. In addi-
tion, metadata are constantly enriched from regulatory
agencies as FDA and EMA. As of September 2021, the
IMGT/mADb-DB contains 1,189 entries (1,033 IG, 53 RPI,
62 CPCA, 36 FPIA and 5 TR).

The IMGT/mADb-DB provides information about many
therapeutic metadata. The ‘Specificity target name’ allows
to select mADbs that bind to a particular antigen, for instance
SARS-CoV-2. Results are returned in a table format, i.e.
nine entries (eight mAbs and one CPCA) are shown for ‘Se-
vere acute respiratory syndrome coronavirus 2 (SARS-CoV-
2)’ specificity target query. The common name, the INN
name and number, as well as the Proprietary name (when
available) are listed in the first columns. Following AA se-
quence analysis by IMGT® experts, the molecule informa-
tion as receptor type, IG species, IG class and subclass are
shown within the table. A standardized graphical format of
the molecule, based on antibody INN definition, that fa-
cilitates the visualization of the molecule, is available in the
database. Links to AA sequences (IMGT/2Dstructure-DB)
and 3D structures (IMGT/3Dstructure-DB) are shown.
The gene name of the target is linked to HGNC or VGNC
pages that assign standardized names and unique symbols
to genes for human or vertebrate loci, respectively (11).
Other therapeutic metadata such as ‘Company’, ‘Clinical
trials’ and ‘Authority decisions’ are also accessible in the re-
sult table.

The therapeutic monoclonal antibody engineering field
represents a real promising potential in medicine (46-48).
The rich, precise and standardized information available via
IMGT/mADb-DB provides a unique and useful resource to
the scientific community.

CONCLUSION

IMGT® provides to the scientific community a huge
amount of knowledge and curated data in the field of im-
munogenetics, from genome to proteome through IMGT
databases, IMGT tools and IMGT Web resources, which
represent >20 000 html pages. To our knowledge, the rich-
ness of the website is still unmatched in 2021. IMGT meta-
data in the IMGT databases, tools and Web resources are
based on IMGT-ONTOLOGY, the first ontology in im-
munogenetics and immunoinformatics. IMGT research and
development rely on three main axes which correspond to
the deciphering of the IG and TR loci, genes and alleles in
the genomes of jawed vertebrates (Axis I), the exploration
of the expressed IG and TR repertoires (Axis II), and the
analysis of the 2D and 3D structures of the adaptive im-
mune proteins (Axis I11).

We focussed on the most recent data integrated in
IMGT/LIGM-DB and IMGT/GENE-DB, the extraction
of the complete IG and TR loci from genome assemblies
and on the creation of terminology and new concepts for
their annotation. A new section in IMGT/GENE-DB was
created to provide links between genes and alleles of the IG
and TR loci and their localization in genome assemblies
(for interoperability with genome sites). IMGT tools and
IMGT reference directories for the analysis of expressed
IG and TR repertoire are regularly updated. Regarding the
importance of the chemical interactions in the antibody

specificity, affinity and half-life, the IMGT /2Dstructure-
DB, IMGT/3Dstructure-DB and IMGT/mAb-DB provide
an integrated and standardized approach for the descrip-
tion of new engineered antibody formats. This approach can
be used for the construction and expression of engineered
antibodies towards targeted and customized therapy in the
context of personalized medicine.

The three IMGT axes are heavily interconnected and
there is a constant flow of information among them.
IMGT® is continuing the standardization efforts and the
improvement of application of the FAIR principles (49)
in order to enhance the quality, findability, accessibility,
interoperability and reusability of IMGT data and meta-
data. To be Findable, IMGT databases use unique and per-
sistent identifiers IMGT/LIGM-DB, IMGT/2Dstructure-
DB, IMGT/3Dstructure-DB and IMGT/mAb-DB) and
are described with rich metadata based on IMGT-
ONTOLOGY and IMGT Scientific chart rules. To be Ac-
cessible, IMGT data and metadata are freely available for
academics. In addition, IMGT/GENE-DB can be dynami-
cally queried through HTML direct links. To be Interoper-
able and Reusable, IMGT data and metadata have links to
their sources and related databases, all IMGT sequence data
are available in FASTA format, widely accepted by many
bioinformatics programs and are described with their rele-
vant attributes. Furthermore, the IMGT download sections
for the IMGT reference directories ensure the follow up of
new releases and facilitate the extraction and the reusability
of the data by external tools.
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