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ARTICLE INFO ABSTRACT

Keywords: The rise of T cell receptor (TCR) sequencing technologies is driving both new understandings of the immune

T cell receptor system and the development of novel clinical platforms. Such analyses rely on comparing recombined TCR se-

TCRseg quences to unrearranged germline reference sequences during V(D)J annotation. In this study we observed that,

g:;:i::e despite the importance of this step in TCR analysis, most published studies do not properly report the reference

AIRR-seq used. We use public datasets to illustrate why references should be explicitly specified: using IMGT/GENE-DB as
an example, we document how the reference set changes over time. Furthermore we illustrate how prescriptivist
interpretations of reference metadata may be obscuring rather than illuminating TCR biology, and demonstrate
the need to perform full V gene sequencing in order to unambiguously determine the final translated TCR
polypeptide sequence. In summary, we argue that in order to ensure the accuracy and reproducibility of TCR
sequencing — an ever more pressing task as more TCR-based diagnostics and therapeutics are developed — we
should all take more care with the development, use, and reporting of the TCR germline references used in our
science.

Introduction the process of excising the intervening DNA, and ligating the once-

T cell receptors (TCRs) are the means by which T cells detect antigen,
forming one of the cornerstones of adaptive immunology in jawed ver-
tebrates, alongside immunoglobulins expressed by B cells. Through their
recognition of peptide-MHC complexes, T cells are able to detect cells
that may be infected, cancerous, or otherwise dangerous. The system
relies on a process of somatic DNA recombination to generate a large,
anticipatory repertoire of receptors that can cover a wide potential
‘antigen space’, protecting us from diverse hazards.

TCRs are produced through V(D)J recombination, named after the
genes involved: variable, diversity, and joining regions. This occurs in
both polypeptide chains in TCRs of the two common vertebrate TCR
gene lineages: aff (alpha/beta) and yd (gamma/delta). Beta and delta
chains undergo VDJ recombination, while alpha and gamma chains
(which lack D genes) just undergo VJ recombination. The molecular
mechanics however are conserved: the recombinase activating gene
(RAG)-complex binds to conserved recognition signal sequences (RSS)
flanking the V(D)J genes. RAG then recruits other factors and mediates
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distant regions together into a contiguous rearranged gene [1]. The
system can generate large numbers of receptors as there are many V, D,
and J genes per locus, which undergo further diversification through
non-templated deletion and addition of nucleotides at the rearranging
edges. This produces an enormous potential ‘sequence space’, making it
unlikely that any two developing T cells produce the same combination
of rearrangements [2]. TCRs can thus be used to identify mature T cells
derived from the same original T cell (a ‘clonotype’).

As T cells activate, differentiate, and expand in response to antigen
sensed through their TCRs — which do not change — measuring TCRs can
provide insights into immune responses. This includes predicting which
antigens an individual may have been exposed to or inferring a disease
state [3], tracking minimal residual disease in T cell-derived malig-
nancies [4], and permitting the production of therapeutics, as TCRs
specific to a cancer antigen can redirect a patient’s immune cells to kill
their tumours [5]. TCR analysis is therefore hugely important across
basic, translational, and clinical immunology research.

Central to such study is the sequencing and analysis of TCR chains
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themselves, which has been reviewed thoroughly elsewhere [6-9].
However, we believe there’s an aspect of TCR research which has not
received sufficient attention: TCR germline referencing. A germline
reference is simply the set of pre-recombination TCR gene sequences
used in a given analysis, to which rearranged sequences are compared
for annotation. This may differ depending on the research question: for
example D genes (which are frequently highly deleted in TCRs and not
unambiguously detectable [10,11]) or leader and constant regions
(which are spliced onto rearranged gene sections, and may not be tar-
geted in a given sequencing reaction) may be omitted [12,13]. Similarly
some references may differ in which alleles or genes are represented,
depending on their source data, and production/curation pipeline. The
germline reference is therefore the foundation upon which an analysis is
built: differences in the reference — such as absent or different sequences
— will likely produce differences in the results. Thus for a given TCRseq
experiment to be fully understood or replicated one needs to know
exactly which reference was used. In this study we explore how the field
is currently describing the TCR references we use in our analyses, and
give examples of how germline data considerations may be impacting
our research.

Results
The current state of TCR germline reference reporting

In order to determine the current state of TCR germline reference
reporting, we conducted a systematic literature review of recent TCR
sequencing (TCRseq) studies (Supplementary Figure 1). As some studies
perform multiple kinds of TCRseq, potentially analysed with different
references, we have quantified these experimental configurations
(‘setups’), rather than studies. What constitutes an appropriate germline
reference relies on the wider experimental context, so we have recorded
the relevant species, loci, sequence production and analysis details
alongside reference details, shown in Fig. 1. Reference details were
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recorded at different ‘depths’: the ultimate source (i.e. the body or
website responsible), the specific resource (the named database or
dataset), and further specific version details, necessary for exactly
determining to which sequences a given reference refers (e.g. version,
release number, identifier, or date of access).

As expected, most recent TCRseq experiments involved studying aff
TCRs (~90%), in humans (~76%), primarily using commercial TCRseq
kits and services. Irrespective of method, most experimental setups
strikingly did not explicitly detail any germline reference details (‘not
provided’/‘NP’, 325/459 = ~71%). Of the 134 setups with at least a
germline source recorded, 74 (~55%) gave further details as to which
resource was used; of those 36 (~49%) gave sufficient details for un-
ambiguous resource determination. Overall, <8% of experimental con-
figurations explicitly recorded the germline reference they used.

The frequency of germline reference reporting varied by TCRseq
methodology, making direct comparison difficult. For example, publi-
cations describing data produced with Adaptive Biotechnologies (ana-
lysed with their InmunoSEQ Analyzer platform) never described the
germline reference used, as this involves a proprietary dataset that the
end users cannot see or interact with. Another notable example is
MiXCR, the most popular TCR analysis tool in this review not fixed to a
specific commercial TCRseq product. Despite MiXCR being capable of
analysing TCRs using either the MiLaboratories proprietary reference
(which was recently published and made accessible [14]) or alterna-
tives, only a quarter of its usage had a germline source listed (typically
IMGT).

Unfortunately many papers exclusively reported their reference as
some variant on “the IMGT database”, or simply “IMGT”. This does not
allow determination of even the resource used, as IMGT maintains
multiple sequence databases (including IMGT/GENE-DB [15],

IMGT/LIGM-DB [16], and the IMGT/V-QUEST reference directory sets).
While often not stated, some undeclared entries can be inferred to have
used one of these, due to the field’s reliance on IMGT: IMGT’s own tools
IMGT/HighV-QUEST

(IMGT/V-QUEST [17] and [18]) use
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Fig. 1. Alluvial plot illustrating the sparsity of complete germline referencing of TCR analyses in recent TCRseq publications. A systematic review of TCR sequencing
related papers since 2023 was conducted, reviewing papers in the web-based tool Covidence. 320 papers met the full inclusion criteria, and the data of different
experimental setups (i.e. TCRseq data produced and analysed with specific techniques and tools, either for a single locus or pair of loci for single-cell data) were
numerated. General abbreviations used: NP (highlighted red) = not provided (data not stated in the source publication), NC/C = non-commercial/custom. Loci
abbreviations: A = TRA (a/alpha), B = TRB (B/beta), G = TRG (y/gamma), D = TRD (8/delta), with X+Y indicating paired chain data generated via a single-cell
technology. ‘Other’ indicates any value for an experimental setup that was found in under 10 experimental setups for a given parameter. ‘Y’ in the ‘Specific version?’
field is short for ‘yes’, i.e. there was some specific version detail provided (e.g. release number or date). Note that the small number of setups which lack a specific
germline resource recorded but have a specific version (top right) are four setups from three studies, which all recorded that they used ‘IMGT’ as well as either a date

or a release, but without specifying which specific IMGT database was used.
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IMGT/GENE-DB, as do many non-profit- or academic-produced tools (e.
g. IgBLAST [19], TRUST4 [20], Decombinator [21], and RTCR [12],
which all feature under ‘Other’ in the fourth column of Fig. 1).

Conversely, over half of the 10X Chromium-produced single-cell TCR
setups (analysed using Cell Ranger) reported both a germline source and
resource, almost half of which provided specific version details. While
this is among the best reference reporting for any technique featured,
most of these used specific genome assemblies from the Genome
Reference Consortium (GRC), particularly GRCh38 for humans [22] and
GRCm38 for mice. These are high-quality accessible references with
well-defined provenance: however, they effectively only detail se-
quences at the gene level. This is unlikely to matter when analysing
repertoires from inbred mice of the appropriate strains (C57BL/6J-re-
lated lines), where polymorphism would not be expected [23]. However
this approach could be extremely limiting for studies in either different
strains of mice, or in humans. Being outbred, our TCR alleles will be
expected to differ [24] (evidenced by the frequent detection of novel
alleles when searched for [14,25-29]). Other variation, such as the
presence of genes not seen in the subject sequenced for GRCh38, may
also confound analyses [25].

Thus most TCRseq studies published recently are not adequately
reporting the TCR germline reference used, to the point where readers
can obtain that exact reference. There are of course many TCR-related
analyses for which only gene-level discrimination is required — or is
possible, in the case of shorter-read experiments — in which the choice of
germline reference used likely matters less. This will however often not
be true, particularly where accuracy is required, such as when per-
forming highly-quantitative assignment of even closely-related V(D)J
gene sequences, or when annotating TCRs for functional or clinical use.

TCR germline reference data change over time

One possible interpretation of the literature review in Fig. 1 is that
many researchers presume that TCR germline details don’t need to be
recorded because they do not differ. We sought to illustrate that this is
not the case, as TCR germline references — as with many genomic ref-
erences — are continually being corrected, updated, and (theoretically)
improved, as new data and techniques become available.

We chose IMGT/GENE-DB, which aims to be a comprehensive
catalogue of TCR and immunoglobulin complexity, suitable for diverse
immunogenetic research questions [15], as the best example reference
for this purpose. This is one of the longest-running accessible TCR
sequence databases, being the first official repository approved by the
International Union of Immunological Societies. As it’s free to academics
for non-commercial purposes it has been widely adopted, driving
TCRseq analysis tool development.

We compared downloads of different historical releases of IMGT/
GENE-DB, asking whether individual genes’ and alleles’ identifiers are
always present and referring to the same sequence. Looking first at
human alpha/beta V genes, we observed that multiple genes and alleles
appeared after the earliest found release, changed sequence after first
appearing, or disappeared in later releases (Fig. 2A), often in batches
likely representing significant database updates. This is not unique to
humans, e.g. as can be observed for mice (Supplementary Figure 2).
Quantification of V/J gene alterations across all loci in three of the most
studied organisms (humans, mice, and Rhesus macaques) revealed such
changes are not specific to human TRAV/TRBV genes (Supplementary
Figure 3), as each locus/species combination underwent some changes
over time.

These differences in alleles can impact the results of TCR analyses.
For example, a recent release (202514-7) shows that TRBV15*02 differs
from TRBV15*01 by a single nucleotide polymorphism (SNP), yet prior
to an update in 2018 (201900-0) it also lacked five nt at its 3' terminus.
As many tools rely on alignment scores, this should affect annotation of
rearrangements using TRB15*02 when fewer than 4 nt were deleted
during recombination. We identified such an example, the public CDR3

Immunolnformatics 20 (2025) 100058

TRAVC*01 A
TRAVB*02 A
TRAVB*01 A
TRAVA*02 A
TRAVA*01 N %

TRAV9-2'02 @

TRAVE-7:02 . A

TRAV8-7*01 Q@ '3
TRAVS-6-1'01 A

TRAV8-501 e * .

TRAVS.4'06 e

TRAV8-4*05 e

TRAV8-4'04 @

TRAVE.4°02 &

TRAV8-2*03 - s

TRAVS-2'02 @

TRAVAE0T 2

TRAV36/DV7+05 Present in earliest Allele disappears A
1&%3%32 Appears later H Still present A i
LI * Sequence changes A GENE-DB sampled %

TRAVZ9/DV5 04
TRAV28*02 a2
TRAV28*01 ?? +*
TRAV27+03 @ -

TRAV26:1°02 & *

TRAV23/DV6*05 %

TRAV20+02 @
TRAV14-1°02 x
TRAV14-1*01 N a2
TRAV13-1+02 [
TRAV12-2'02
TRAV12.1:02
TRAV11-1*01
TRAV11*01
TRAV10°02
TRAV1-2*03

@0

TRBV3-2"0;
TRBV24-1*
TRBV23/0R9-2"

TRBV21-10:

0000 CONEOIO

]
o i e

e @

20122014 2016 2018 2020 2022 2024 2026
B 300

® TRA
% TRB

M gene
allele
M allele+novel

1001

2012 2014 2016 2018 2020 2022 2024 2026
Year

Fig. 2. Germline reference allele changes over time, using banked versions of
IMGT/GENE-DB as an example (from 2013 to the present). A: Timeline of the
human TRAV (upper) and TRBV (lower) alleles which differ depending on the
version of GENE-DB used, by merit of them appearing (green up triangle) after
the first record, by their sequence changing (purple star and line style change),
or being removed (magenta down triangle), with green circles indicating alleles
present in the earliest GENE-DB version collected in this effort (from 2013-01-
20). B: Illustration of the cumulative gene (blue) and allele (orange) counts for
human TRA (circle) and TRB (cross) V and J genes in IMGT/GENE-DB. Further
cumulative novel alleles (added to those reported in IMGT/GENE-DB) reported
in the literature are shown in green.

CATSRGQGYEQYF (found in 2000+ rearrangements/717 repertoires/
25 studies, according to an iReceptor [30] search in June 2025), with a
reported anti-viral specificity (a CMV pp65 epitope on HLA-A2) [31].
IgBLAST [19] provided with a current IMGT/GENE-DB reference can
correctly distinguish TRBV15/CATSRGQGYEQYF/TRBJ2-7 rearrange-
ments regardless of which TRBV15 allele was used. When supplying a
pre-2018 reference however (e.g. 201311-0), rearrangements using
either allele both get called as *01, as the additional three bases provide
additional shared identity. Notably the SNP that differentiates these two
TRBV15 alleles encodes different amino acids, so efforts to functionally
validate such a receptor may be affected based upon the date of the
reference download. TRBV10-2 is another noteworthy example: the
TRBV10-2*03 allele appeared in 2018, but disappeared in the next
banked release (201908-0), coincident with a sequence change in
TRBV10-2*02. These seemingly are the same allele: presumably a
truncated form was deposited, then the full-length version was
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discovered and given a new identifier (*03), before being consolidated
later as *02. A TRBV10-2*02 TCR annotated with a 2018 release
would’ve likely been annotated as TRBV10-2*03, potentially causing
confusion for later researchers to whom that allele no longer appeared to
exist. Analysis of pseudogenes requires particular attention, as the lack
of canonical features complicates their annotation, exemplified by
TRAV8-5*01: its V region length changes dramatically, from 357 nt
(2013), to 1355 nt (2020), falling back to 84 nt (presently).

These data potentially underestimate the true history of alterations
in this database, as the snapshots collected are not exhaustive, particu-
larly among the older releases which relied on archival recovery. One
should also consider that databases differ in aims and scope. IMGT/
GENE-DB aims to be comprehensive, hence the inclusion of partial se-
quences (which may need to be filtered), or those inferred from poten-
tially sub-optimal sources (which may require updating or deletion).
Conversely, GRC references do not aim cover all TCR alleles, but instead
provide stable representative high-quality assemblies suitable for basic
research needs. However, even these undergo some revision such that
details need to be specified for unambiguous data interpretation. For
example, (as reported in [26]) the GRCh37 TRB assembly has three ~20
kb sections (including five functional TRBV genes) that are not present
in the primary GRCh38 assembly, instead found only in an alternative
haplotype.

Furthermore, any reference that aims for coverage is only as
exhaustive as the data available to it: rare alleles, or those that aren’t
commonly observed in TCRseq studies (potentially due to populations
screened or technologies used), are unlikely to be well-documented.
Several recent papers that have performed full V region-spanning
sequencing of either rearranged RNA or unrearranged genomic DNA
have inferred or discovered multiple putative novel alleles which are not
yet featured in IMGT/GENE-DB [14,25-29]. As shown in Fig. 2B, these
efforts add a substantial number of alleles: ~80 per locus for TRA/TRB.
While not all of these alleles have been validated, many are detectable
across techniques and in multiple donors (half described in more than
one publication), suggestive of relatively high-frequency alleles that are
likely missed or misassigned even in current pipelines using the most
up-to-date IMGT set.

TCR germline reference metadata may be misleading

We have observed that sometimes assumptions about the biology of a
TCR gene may lead to methodologies which adversely affect the results
of analysis. In particular, the metadata describing expected gene func-
tionality may be interpreted as prescriptive, rather than descriptive.
That is, such metadata may be interpreted to mean that certain se-
quences either will not appear in their data, or won’t contribute bio-
logically; however, these fields actually intend to convey likelihoods
based on reasonable assumptions, based on the best knowledge of the
time. This commonly manifests in the omission of genes, particularly
those predicted to not be functional (i.e. not capable of forming a viable
receptor), from amplification or annotation protocols. There are two
classes of such genes under IMGT nomenclature: pseudogenes (‘P’)
which are expected to never be expressed (i.e. those containing stop
codons, frameshift mutations, or V genes lacking start codons), and
‘ORFs’, genes which have intact open reading frames but other reasons
to suspect they might not function (e.g. alterations in conserved
recombination, splice, regulatory, or functional sites).

Some protocols exclude some or all of these, especially those using
multiplex primer mixes, from some of the earliest studies which later
produced commercial services [32,33] through to the cutting-edge of
modern spatial TCR profiling [34]. However the recombination and
expression of multiple P/ORF genes has been described in both gDNA
and cDNA by many groups (e.g. in [35,36]) and is readily detectable in
many datasets. We have taken the recent large human cohort published
by Mikelov et al. [14]. as an exemplary TRA/TRB dataset, with deep
V-REGION spanning 5'RACE coverage to illustrate this.
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Fig. 3A (right) shows the average frequencies with which different
TCR V/J genes are used in productive rearrangements in the 134 in-
dividuals in the cohort. Multiple genes lacking a functional ‘F’ label are
frequently found: 7/11 detected ORF and 4/8 P genes were observed in
> 50% of donors, at frequencies comparable to many F genes. (This
likely underestimates the frequency of non-functional gene usage, as
rearrangements using stop codon-containing pseudogenes have been
filtered out.)

The justification for the labelling of several TRAJ (which occur at
reasonable frequencies) as ORFs might be expected to reduce, but not
eliminate, the chances of rearranging and expressing a functional TCR.
Productively rearranged examples of the most common are highlighted
in Fig. 3B: TRAJ58 (which contains a 5’ stop codon that VJ recombi-
nation can remove), TRAJ25 (which has a non-canonical RSS heptamer),
and TRAJ61 (which lacks a canonical splice donor site, which can rarely
splice correctly as shown here).

Another group of rearrangements perhaps overlooked due to pre-
scriptive metadata interpretations are delta V gene-containing alpha
chains. The TRD locus resides inside the TRA locus, using a partially
overlapping pool of V genes, of which: three are supposedly TRD-only
(TRDV1, TRDV2, and TRDV3), five can feature in both chains (TRAV/
DV), and several dozen are TRA-only (TRAV). However each of the three
TRDV genes are readily detectable in alpha chain repertoires (Fig. 3A,
left): TRDV1 rearrangements appear in all 134 donors at frequencies
within the range of regular TRAV genes, while TRDV2 and TRDV3
appear in fewer donors (52 and 68 respectively), at frequencies com-
parable to the least-expressed TRAVs. These are rearranged with TRAJ
genes, and spliced on to TRAC (e.g. Fig. 3C), and therefore theoretically
as capable of being expressed as a TRA chain as any TRAV or TRAV/DV
gene. Moreover there is a record of researchers describing TRDV1-TRAJ
recombinations dating back to the 1990s, when they were observed at
both protein and nucleotide levels, using diverse TRAJ genes, and
capable of classic HLA-restricted ap-TCR immune responses [37-40].
Frequent TRDV1-TRAJ discoveries continued as DNA sequencing tech-
nologies developed [41-44], prompting at least one group to suggest
reclassifying TRDV1 as a TRAV/DV gene [45]. Despite these data,
several popular tools featured in Fig. 1 are unable to detect TRDV when
searching for TRA rearrangements. This currently includes
IMGT/V-QUEST (which is likely to either fail to detect a rearranged
alpha, or will assign an incorrect TRAV gene at low confidence) and Cell
Ranger (which will result either in no rearranged TRA detected, or
potentially an irrelevant second expressed chain in dual TCR cells being
called as the only paired chain). While a recent publication has proposed
a workaround for Cell Ranger [46], and IMGT/V-QUEST can be made to
identify the V correctly by searching for TRD rearrangements instead of
TRA, we expect that end users would be better served by common and
potentially-functional rearrangements being detectable with default
settings.

We also note that the metadata associated with a germline reference
is also subject to revision, as exemplified by the human TRAJ35 gene.
This was originally recorded as an ORF, as it encodes a non-canonical
junction-terminating residue (Cys instead of Phe). However repeated
evidence of frequent rearrangements led IMGT to relabel this as a
functional gene in 2019 [47], albeit one that forms CDR3s with an un-
common end.

Germline reference utility corresponds to V gene coverage

Fig. 1 covers a tremendous breadth of TCR research, including the
development of novel tools permitting a broader range of immunolog-
ical hypothesis testing, by ever more researchers. Some of those studies’
analyses however might be considered suboptimal from a germline
perspective, as they inferred sequence beyond their capacity to do so.
This primarily includes short-read bulk data where V regions are not
completely sequenced, or single-cell data (which frequently has full V
sequence available) mapped to a reference lacking any allelic
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Fig. 3. A: TCR gene usage frequencies in the publicly available Mikelov et al. TRA and TRB 5'RACE TCRseq dataset [14], highlighting usage of all TRDV genes in TRA
rearrangements (left), and common, high-frequency ORF and P gene usage in TRBV, TRBJ, and TRAJ (right). Paired-end reads were merged, rearrangements
annotated, and the percentage of V and J gene usage of productive rearrangements (i.e. those lacking a stop codon between their V- and J-REGIONS, with an in-frame
CDR3 junction) were calculated per donor and averaged. Vertical lines indicate 95% confidence intervals, marker edge colour denotes IMGT-reported gene func-
tionality of prototypical (*01) alleles: F = functional (aqua-rimmed circles), ORF = open reading frame (purple-edged up triangles), P = pseudogene (red-outlined
down triangles). Marker face colour indicates the number of the 134 donors that gene was featured in (see colour bar scale above). B: Examples identified in this
dataset of productive rearrangements using TRAJ genes labelled as ORFs. Coloured by TCR region (see colour legend), with underlined nucleotides indicating perfect
shared identity with the indicated reference allele, and red text indicating terminal nucleotides present in the germline allele which have been trimmed off during
recombination (with the caret character “ indicating the relative orientation, i.e. "X = V gene nt, X" = J gene nt). Originating sample SRA accession numbers are
shown in the top right of each example (in the format ‘ERRxxxxxxxx’). C: As in B, but showing examples of each TRDV gene in alpha chain recombinations

(recombined with a TRAJ gene, spliced onto the alpha chain constant region).

information. Some TCR analyses — like tracking the presence of specific
clonotypes, or comparing global repertoire metrics — likely gain little
benefit from a full understanding of the TCR alleles involved, and are
agnostic to the TCRs’ antigen-specificities. However analyses involving
inferring or testing functional activity, or comparing rearrangements
between people, should arguably be performed with allelic resolution,
as TCR polymorphisms can result in the loss of antigen specificity [48],
differential peripheral TCR gene expression [49], and impact surface
expression levels [50].

Inspired by Omer and Peres et al. [26], which visualised the distance
between different TRB alleles assuming amplification with different
primer sets, we sought to illustrate the degree of uncertainty one has
about the true sequence of a V gene, as a function of how far into it one
reads. We therefore measured how confident one can be calling the
sequence correctly, having taken increasing length substrings from the 3’
of each V allele. By moving the start site 5-wards, we mimicked
sequencing into the V from a rearrangement. We applied this to a recent
IMGT/GENE-DB release (supplemented with novel alleles from the
literature as featured in Fig. 2B, conservatively filtering down to those
found in >1 study), and measured how confident one can be of

identifying the correct sequence at various resolutions from each
substring.

Fig. 4 shows the results for all four human TCR loci. As expected
(being the rationale upon which most TCRseq to date is predicated), on
average the nature of the gene from which a given substring derives can
be readily determined with relatively short ‘reads’, reaching >90%
confidence when covering only the 3' end of FR3 for all loci. The ability
to correctly determine the exact allele however lags behind, with an
average confidence ranging from 65-80% when reading halfway into
the V, in FR2. That is, one might obtain 150 nt of V region sequence, and
still on average only be able to narrow down the allele to one of 3-5. The
ability to unambiguously infer alleles (100% confidence) mostly only
occurs when sequencing near-complete V regions — and sometimes not
even then, as some loci have genes with identical alleles (e.g.
TRBV6-2*01 and TRBV6-3*01). Applying these findings to query error
rates in existing studies is complicated by issues of read-length and
uncertain references, but consider that TRB primers from the BIOMED-2
protocol [51] anneal around CDR1/FR2 (corresponding to an average
~80% confidence in calling the correct allele), while those from Adap-
tive Biotech [32] bind FR3 (averaging only ~60-70% confidence).
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Perhaps more surprising is the observation that the ability to resolve disappearing, or changing sequence between releases. These changes are
different translated V region polypeptide sequences closely follows the not an indictment of any particular resource, but an inevitable part of
allele (and not gene) confidence average. The amino acid confidence the process of producing a complex product from diverse datasets. We
means are slightly higher, but have extremely overlapping confidence but highlight them to illustrate how a TCR analysis could give different
intervals for all loci, suggestive of many alleles having unique trans- results depending on when the reference was acquired.
lations. Indeed, when we checked the translations we observed that on We then explored how the metadata tied to a reference, even being
average 80% of human TCR V gene alleles encode unique polypeptides. built from sound biological principles applied in a logical fashion, can

establish assumptions that lead to inappropriate analyses. Specifically,
Discussion we demonstrate that all TRDV genes can be found used in transcribed
human alpha chain rearrangements, and many ORFs and pseudogenes

In this study, we used publicly available datasets to illustrate prop- appear at high frequency, perhaps contrary to the received wisdom of
erties of TCR germline biology that we believe current methodologies do the field. We do not seek to imply that frequently detectable genes are
not always accurately consider, which may be limiting the biological necessarily functionally relevant: some will of course never be able to
accuracy and reproducibility of TCR analysis. encode a functional polypeptide (e.g. stop-codon containing pseudo-

We first showed that the majority of recent TCRseq publications fail genes, whose presence presumably represents a leakiness or failure of
to provide sufficient details for readers to unambiguously know which the allelic exclusion and nonsense-mediated decay mechanisms which
TCR germline reference they used. While some such studies were either downregulate such transcripts [52,53]). However rearrangements using
generally methodologically sparse or reliant on proxy descriptions (e.g. some of these genes are theoretically able to be expressed and struc-
“conducted as in study X”), many were not. Indeed many had rich turally viable; arbitrarily filtering them out may miss relevant biology.
technical descriptions, often including versioned and/or dated refer- Regardless of functionality, omission of these genes from reference sets
ences for other kinds of data, particularly genomes or transcriptomes for may result in rearrangements which do use them being misassigned,
RNAseq analysis. The absence of TCR germline reference information is which may result in an incorrect assumption of functionality or
therefore seemingly not a product of authors not recognising the need to productivity.
properly reference in general, but rather from being unaware that such Finally we illustrated that the highest confidence about the V alleles
exacting standards are also appropriate for TCR data. used in rearrangements — and therefore their amino acid sequences,

Using IMGT/GENE-DB as the archetypal TCR germline reference, we which dictates their ability to function and interact with antigen —is only
demonstrated why it is important to specify the reference used in an attainable when sequencing the entire variable domain. As TCR research
analysis: because it changes over time, with alleles and genes appearing, increasingly leads to the development of therapeutics, the need to
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Fig. 4. Ability to distinguish TCR V gene sequence increases based on length of V region sequenced. Increasing length substrings were exhaustively generated from
the 3’ end of germline V gene alleles from IMGT/GENE-DB plus novel alleles recently identified in the literature (see Methods), after trimming back to the codon
encoding the second conserved cysteine that defines the beginning of the CDR3 (CYS-104), mimicking sequencing into the V region from a recombined junction.
Substrings thus generated were then used to search the 3’ ends of all alleles of the corresponding locus (TRA top-left, TRB top-right, TRG bottom-left, TRD bottom-
right), to see how well a given theoretical sequence featuring that substring would resolve the correct complete sequence. The x axis shows the nucleotide position
(using IMGT gapped numbering) defining the 5’ start site of each substring for each gene, which relates to the different regions of the V genes shown in the schematic
above the plots. The y axis shows the percentage ‘confidence’, calculated as 1 divided by the number of sequences that end in the specified string, x 100. Dashed lines
show the mean confidence across all alleles, when looking for sequences at either the full allele level (blue, i.e. dividing by however many trimmed alleles’ nucleotide
sequences end with a given substring), at the gene level (orange, i.e. dividing by the number of TCR gene symbols represented among all substring matches), or as
translated amino acid sequences (green, i.e. dividing by the number of unique translations across the matched allele sequences). Shaded regions indicate 95%
confidence intervals. Schematics at the top of each plot show the different V regions, framework region (‘FR’) and complementarity determining region (‘CDR’) 1-3,
based on their gapped sequence number.



J.M. Heather et al.

accurately sequence, describe, and report these receptors has never been
more crucial.

These analyses primarily considered alleles in the IMGT system,
which radically improved TCR and immunoglobulin nomenclature
consistency and interpretability after being sanctioned for use by
various bodies — particularly the International Union of Immunological
Societies (IUIS) — through the late 1990s/early 2000s, replacing multiple
competing naming schemes [54]. Pockets of uncertainty regarding the
mapping of variable immune gene or allele names to specific sequences
however still remains, both within the IMGT system — e.g. the renaming
of the Camelus dromedarius IGHV1 gene family to IGHV3 [55] — and
without. Even now, two decades later, there are still papers published
using deprecated pre-IMGT gene names, including a clonotype described
as “AV22S1/AJ45/AC [and] BV7S3/BJ1S4/BCl1” last year [56], and
multiple publications using gene names containing Greek characters
[57-60]. This latter group is presumably due to many V gene-specific
reagents retaining older gene identifiers, which might be causing un-
necessary confusion. For example, the 3C10 monoclonal antibody binds
TRAV1-2, and is therefore used in flow cytometry experiments to help
stain for MAIT cells (which use TRAV1-2 in the canonical ‘invariant’
rearrangement) [61]: however the product pages from three major
suppliers refer to its target antigen primarily as ‘Va7.2’, and fail to
include the proper IUIS name even in the ‘also known as’ fields [62-64].
Adaptive Biotechnologies, one of largest commercial suppliers of
TCRseq services, is similarly noteworthy for producing its own
non-standard modified TCR gene nomenclature, adding letters, leading
zeroes, and hyphenated gene sub-family indicators, even where none
exist (e.g. turning ‘TRBVY’ into ‘TCRBV09-01’, or ‘TRBJ1-2’ into
‘TCRBJ01-02’, which are just some of many names from this scheme to
have been used in recent publications [65,66]). While this system pro-
duces more alphabetically-sortable lists, it doesn’t map to any external
identifiers, and thus creates friction when comparing to or integrating
results with datasets using official gene names. While correction of
deprecated or custom gene names can be attempted manually with
conversion tables [67,68] or automatically with tools like tidytcells
[69], consistency in the field would likely be served best by modern
official nomenclature being used in the first place.

Many of these issues also affect immunoglobulin research (particu-
larly ambiguous allele identifiers), often to a greater extent due to more
germline polymorphism and the existence of somatic hypermutation, as
discussed in previous work from the Adaptive Immune Receptor
Repertoire (AIRR)-Community (AIRR-C) [70,71], who work towards
providing methods and standards to improve TCR and immunoglobulin
research. It is tempting to speculate that these greater barriers may have
encouraged immunoglobulin researchers into better practices, as miti-
gation strategies (like full-length variable domain sequencing, and ac-
counting for under-sampled allelic diversity) are often addressed.
Regardless, the principles promoted in this study should apply across
variable receptor loci, just as those established in earlier immunoglob-
ulin papers apply to TCRs.

We expect that the wider field can do more to promote greater ac-
curacy in data reporting and inter-operability. The frequency with
which publications analysing 10X single-cell TCRseq data reported
germline reference details suggests the Cell Ranger process or docu-
mentation may encourage it. Notably users must provide a path to a
reference file: not only does this imply that alternatives might exist or be
merited, the default example contains all pertinent information
(“refdata-cellranger-vdj-GRCh38-alts-ensembl-7.1.0"). Efforts like the
Observed T-cell Receptor Space database [72] and VDJBase [73] take a
different approach, re-analysing many published studies’ data using a
consistent reference and pipeline, producing large accessible datasets
that are intrinsically controlled for inconsistencies between releases.

The AIRR-C has multiple efforts aiming to improve the accuracy and
reproducibility of repertoire research, several relating to germline
referencing. Foremost among these is the production of minimal
reporting standards for AIRR-seq data (MiAIRR) [74] with detailed
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schema [75], which already recommend the reporting of both the name
and version or date of germline reference used. These have been used in
the establishment of the AIRR Data Commons [76], which makes large
amounts of AIRR-seq datasets annotated under MiARR standards
available through platforms like iReceptor [30] and VDJServer [77]. In
recent years we have produced germline reference set standards and
guidelines, as well as immunoglobulin reference sets for human and
mice [70,71], focusing on high-quality alleles with transparent histories
and full-length sequence support. The AIRR-C Germline Database
Working Group (GLDB-WG) and Inferred Allele Review Committee
(IARC) are currently using these principles and schema to similarly
generate new human TCR germline reference sets, which we hope will
support researchers in their pursuit of accurate, repeatable, and repro-
ducible TCR research.

All of these sets are made freely available from the Open Germline
Receptor Database (OGRDB) [78] under a minimally-restrictive CCO 1.0
Universal license. This means that the same resource can be used by
researchers across academia and industry, encouraging the development
and adoption of interoperable tools and resources (unlike e.g.
IMGT/GENE-DB, which uses a CC BY-NC-ND 4.0 license, requiring a
financial arrangement for commercial use). We hope that this will
incentivise companies to avoid the use of custom private databases
(which offer little transparency or traceability to end users), or the
provision of inappropriate references (e.g. the use of GRCh38 de-
rivatives to annotate diverse human repertoires, simply because it is free
to do so).

In summary, germline references — and the nomenclatures with
which they are constructed — are the bedrock upon which TCR analyses
are built. They provide context to the rearranged receptors which are the
focus of our experiments, yet in many cases we simply do not know
which references were used. Even when known, their idiosyncrasies may
not be well understood, leading to either inappropriately- or
suboptimally-analysed results. We hope that the vignettes presented
here will help researchers better understand the importance of their
germline sets, aiding them to produce and communicate ever more ac-
curate and reproducible data, and useful and innovative tools.

Germline reference recommendations

For TCR researchers

Consider how the scope and methodology of the reference will help

address the biological questions being posed.

e When requiring greater precision (e.g. functional TCR validation or
gene inference), consider sequencing complete V regions.

e Use a reference containing a suitable breadth of alleles, and tools

capable of resolving them.

Consider inferring personalised TCR genotypes, permitting annota-

tion with the most accurate possible reference.

e Where possible, bank a version of the reference (potentially along-
side analysed data), to ensure all necessary information is retained
and analyses are repeatable.

e When publishing, report the reference name, date of access, and

release or version number in the methods section, citing the relevant

paper and/or resource.

If using custom or curated germlines, ensure the process of reference

generation is suitably reported.

For tool, product, and germline reference developers

e Include all TRDV alleles in your TRAV gene set, and make them
detectable in alpha chain rearrangements.

e Don’t omit ORF or P genes on the presumption that they will not be
either used or relevant in the repertoire.
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e Where licensing allows, make all historical germline reference sets
available for download, sensibly and unambiguously identifiable,
numbered following a documented nomenclature.

Provide sufficient documentation, detailing not only how to use the

provided reference(s), but how to report and cite them in

publications.

If possible, allow users to supply their own reference when anno-

tating reads, to allow for up-to-date, patient-specific, or custom

analyses.

e Ensure correct, IUIS-approved TCR nomenclature is used in both
product descriptions and tool outputs. For gene-specific reagents,
transparency can be further supported by providing citations or links
to externally-hosted gene-specific summary resources.

For journals

e Encourage or require authors to unambiguously report the TCR
germline reference used (i.e. name, version and/or release, and ac-
cess date).

Methods
Code and data availability

All analyses were performed in Python (3.12.0), using the standard
library plus: pandas [79] (2.1.3), matplotlib [80] (3.8.2), seaborn
[81] (0.13.2), numpy [82] (1.26.2), scipy [83] (1.11.4), and recep-
tor_utils (0.0.47, https://github.com/williamdlees/receptor_utils/).
All code is available at http://github.com/JamieHeather/tcr-germl
ine-paper. Other packages and publicly available datasets are referred
to below.

TCRseq germline referencing systematic literature review
Papers were identified from PubMed, searching for those with free

texts available, published between 2023 and the search date (2025-03-
20), with these terms:

(Search: (("t cell receptor" [All Fields]) OR ("tcr"
[All Fields])) OR (t-cell receptor) AND (("tcrseq" [All
Fields]) OR ("tcr sequencing" [All Fields])) OR ("tcr
repertoire" [All Fields])) NOT ("review" [Publication
Typel)

Papers were then manually screened to remove pre-prints, papers
which did not perform TCRseq, or were re-analysing/re-using published
datasets (to prevent duplicate contributions). Relevant TCRseq details
were then extracted, recording the loci and species investigated, and
TCRseq and analysis protocol details, in particular the germline refer-
ence details at several resolutions (source organisation, named data-
base/resource, and specific version/release/date of access), using the
Covidence systematic review software (Veritas Health Innovation, http:
//www.covidence.org). Details were recorded per ‘experimental setup’,
comprising the combination of species and protocol used. The same
publication may therefore contribute multiple setups if they performed
e.g. bulk and single-cell TCRseq, or analysed multiple loci/species. The
alluvial plot was constructed using the pyalluvial (version 0.0.0)
package. For several fields, values present in fewer than ten setups were
given a shared ‘Other’ field in the table for readability (with original
values retained in columns suffixed ‘all’, available in the CSV file in the
Github repository linked in the availability section).

Tracking historical changes in IMGT/GENE-DB

We used IMGT/GENE-DB [15] as the exemplar reference with which to
demonstrate resource evolution. While this is available for download (from
https://www.imgt.org/download/GENE-DB/ by non-profit/academic or-
ganisations, under a CC BY-NC-ND 4.0 license), to the best of our
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knowledge historical releases are not accessible. In March of 2023 we
began a regular process of automatically downloading and banking for
comparison. Pre-2023 releases were obtained either from having coinci-
dentally banked earlier releases for contemporaneous analysis, or were
downloaded from the Internet Archive’s Wayback Machine (https://web.
archive.org/), an internet scraping archival platform. While this collec-
tion is extremely incomplete (particularly before 2023, with the earliest
Wayback Machine record being from 2013, ~9 years after IMGT/GE-
NE-DB’s publication), it provides a sampling of the reference resources
available to researchers. The ‘IMGTGENEDB-ReferenceSequences.fas-
ta-nt-WithGaps-F+ORF+inframeP’ FASTA files per release were parsed,
and gene/allele identifiers for the specified species recorded and compared
between timepoints. This aggregated resource is located at https://github.
com/JamieHeather/genedb-releases (accessed for this analysis on
2025-04-06).

Novel alleles were gathered from published reports [14,25-29]
(either inferred from V region-spanning TCRseq datasets or covered in
long read genomic sequencing). These are tabulated and automatically
compared against IMGT/GENE-DB, to ensure that alleles that were later
added to that resource aren’t counted among both sets. This collection is
maintained at https://github.com/JamieHeather/novel-tcr-alleles/
(accessed on 2025-04-06).

Plotting TCR V/J gene usage

We downloaded the Mikelov et al. [14] dataset of 134 donors’
combined TRA/TRB TCR repertoires, accessible from EBI (accession
E-MTAB-13593). This is a 5' rapid amplification of cDNA ends (5' RACE)
protocol, reverse transcribed from the 5’ of the constant region, and
MiSeq 2x300 bp paired-end sequenced, such that many reads can be
overlapped giving full V coverage. FASTQ files were downloaded, and
overlapping read 1 and 2 files merged using FLASH [84] (1.2.11), and
TCRs annotated using the version 0.2.7 release of autoDCR (available
from https://github.com/JamieHeather/autoDCR), a modified version
of Decombinator [13,21] capable of resolving TCR alleles (as described
in Heather et al. [27]) with default parameters. This used a filtered
version of IMGT/GENE-DB (release 202410-7, downloaded on
2024-03-13) as a reference, containing just human TRA and TRB alleles
supplemented with all TRDV genes. Unique V/J/CDR3 descriptors were
then counted, and the mean frequency with which each TCR gene
(inclusive of all alleles) was calculated across all donor samples.

Plotting TCR V gene confidence

The most recent IMGT/GENE-DB release as of the analysis (release
202514-7, downloaded on 2025-04-06) was used, supplemented with
novel alleles as described above (filtered on those observed in >2
studies). Gapped sequences (where gaps are introduced to align V re-
gions with differing numbers of residues, per the IMGT unique
numbering system [85]) were generated for each sequence using
receptor_utils modules: extract_refs applied to the IMGTGE-
NEDB-ReferenceSequences.fasta-nt-WithGaps-F+ORF+inframeP’
FASTA file for this release established locus-specific references, which
were then combined into one pan-locus reference, which was used with
gap_sequences to generate gapped versions of each allele. The gap-
ped sequences were then used to trim each sequence back to the nu-
cleotides encoding the second conserved cysteine residue which defines
the start of CDR3 (CYS-104), discarding those that were too short (due to
only partial sequence coverage in the reference).

All alleles within a locus were then iterated over, and starting from
the 3-most nucleotide, substrings of increasing length incrementing by 1
nt were banked. Each iteration, gaps (indicated with a ‘.”) were removed
from the substrings, which were then used to find all CYS-104-trimmed
alleles containing an exact match. Percentage confidence was calculated
as 1 + num_matches x 100. Gene- and amino acid-level confidence is
calculated similarly, but instead of dividing by the number of alleles
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matched, it uses the number of unique TCR gene identifiers, or translated
amino acid sequences of matched alleles, respectively. Framework and
complementarity-determining regions were labelled according to IMGT
numbering.
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