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SUMMARY

T cell receptors (TCRs) recognize peptide fragments presented by the major histocompatibility complex
(MHC) and are critical to T cell-mediated immunity. Recent data have indicated that genetic diversity within
TCR-encoding gene regions is underexplored, limiting understanding of the impact of TCR loci polymor-
phisms on TCR function in disease, even though TCR repertoire signatures (1) are heritable and (2) associate
with disease phenotypes. To address this, we developed a targeted long-read sequencing approach to
generate highly accurate haplotype resolved assemblies of the TCR beta (TRB) and alpha/delta (TRA/D)
loci, facilitating the genotyping of all variant types, including structural variants. We validate our approach
using two mother-father-child trios and 5 unrelated donors representing multiple populations. This resulted
in improved genotyping accuracy and the discovery of 84 undocumented V, D, J, and C alleles, demon-
strating the utility of this framework for improving our understanding of TCR diversity and function in disease.

INTRODUCTION

T cell receptors (TCRs) play a central role in the adaptive immune
system and are critical for fighting pathogens.” TCRs are ex-
pressed on the T cell surface and interact with antigens via major
histocompatibility complex (MHC) proteins. TCRs exist as a het-
erodimer protein consisting of either paired alpha and beta
chains or paired gamma and delta chains. The total number of
genes that encode the human TCR chains ranges from 228 to
234, and they are grouped into four segment types: variable
(V), diversity (D), joining (J), and constant (C) genes. In humans,
these genes reside in three genomic regions:” the TCR beta
(TRB), alpha and delta (TRA/D), and gamma (TRG) loci. During
T cell development, V, D, and J genes are selected during V(D)
J recombination (only V and J in the case of TRA and TRG) to
form the template for the transcription and translation of a
given TCR. The immense diversity observed in the TCR reper-
toire (i.e., the complete set of TCRs) is seeded by the selection
from a large number of V, D, and J genes within the TCR loci,
combined with junctional diversity at V-D and D-J junctions,
and allows T cells to mount an immune response to diverse an-
tigens.® It is estimated that 2 x 107 unique TCRs are presentin a
single individual.* Development of the overall TCR repertoire is
shaped by host genetics and the environment, including foreign
and self-peptides.®®

Germline diversity within the TRA/D, TRB, and TRG loci has
been documented;®'" however, the effect of genetic variants
in these regions on the TCR repertoire and the downstream
impacts on the ability of an individual to mount effective dis-
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ease-related T cell responses remains underexplored. Several
targeted genetic studies have identified germline variants asso-
ciated with TCR function and TCR repertoire features. For
example, TCRs using the allele TRBV9*02 have been shown to
have reduced functional recognition of Epstein-Barr virus
compared with TRBV9*01 under the same human leukocyte an-
tigen (HLA) background.'? Furthermore, single-nucleotide poly-
morphisms (SNPs) within TCR and HLA have been associated
with differences in TCR V gene usage,®'® and TCR repertoires
in monozygotic twins have been shown to be more similar than
repertoires of unrelated individuals,® demonstrating a role for
genetics in the development of the TCR repertoire. However,
large-scale genome-wide association studies (GWASs) have
only implicated the TCR loci twice, specifically in narcolepsy'*'*
and renal function after transplantation.'®

Several reasons could exist for the disconnect between TCR
polymorphisms and phenotypic outcomes, including, but not
limited to, small sample sizes, inadequate genotyping, the use
of an incomplete reference assembly, and disease/sample het-
erogeneity. Incomplete genotyping could be due to the complex
repetitive nature of the antigen receptor loci. Similar to the immu-
noglobulin (IG) loci, the TCR loci have been shaped by gene
duplication events,'®'” which have resulted in large expansions
of the TCR gene family. Due to the duplicated and repetitive
structure of immune receptor loci such as TCR and lIg, it has
been proposed that short-read next-generation sequencing
(NGS) performs suboptimally in these regions.'®'® Specifically
in the Ig heavy chain locus (IGH), we have previously demon-
strated that the use of NGS results in high rates of false-positive
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Table 1. Samples used in study

Sample  Family Relation to proband Population (abbreviation) Superpopulation Coverage Read length (mean) Read quality, % (mean)
NA18506 Y013 child Yoruba (YRI) AFR 711 4177 99.93
NA18508 Y013  mother Yoruba (YRI) AFR 607 6,035 99.91
NA18507 Y013 father Yoruba (YRI) AFR 379.9 5,320 99.92
HG02059 VNO061 child Kinh Vietnamese (KHV)  EAS 276 5,934 99.91
HG02060 VNO61 mother Kinh Vietnamese (KHV)  EAS 227.4 5,095 99.92
HG02061 VNO061 father Kinh Vietnamese (KHV)  EAS 218.9 5,453 99.91
NA18956 NA NA Japanese (JPT) EAS 337.4 4,312 99.93
NA18517 NA NA Yoruba (YRI) AFR 303.7 5,379 99.91
NA10831 NA NA CEPH (CEU) EUR 306 5,201 99.92
HG01361 NA NA Colombian (CLM) AMR 98.6 5,024 99.90
HGO01175 NA NA Puerto Rican (PUR) AMR 106.7 5,753 99.93

and -negative variants.”° Because of these technical barriers, we
have not characterized the full extent of genetic diversity in these
immune receptor loci,'® limiting our understanding of the role of
germline variation in TCR function.

Here, we describe the application of a newly developed
probe-based capture design to conduct long-fragment tar-
geted enrichment of the TRB and TRA/D loci for high-fidelity
long-read single molecule real-time (SMRT) sequencing. To
provide a proof-of-concept dataset demonstrating the unique
value of this approach, we have generated targeted SMRT
sequencing data on two trios and five unrelated individuals of
American, African, East Asian, and European ancestry. First,
we show the efficacy of this capture-based sequencing
approach and how it can be used to generate haplotype-
resolved assemblies. We then use these assemblies to identify
variants of different classes, including SNPs, insertions or dele-
tions (indels), and structural variants (SVs), and resolve and
curate full-length genes and alleles. Using variants resolved
from short-read NGS from the same individuals, we compare
the concordance between sequencing methods. This study
demonstrates a robust and accurate methodology to efficiently
resolve the TRB and TRA/D loci, validates previously identified
variants, and takes a step forward in providing a framework
that will be effective at resolving the role of TRB and TRA/D ge-
netics in TCR-related phenotypes.

DESIGN

An ideal genotyping experiment should allow for the compre-
hensive detection and genotyping of all variant types, including
those in complex genomic regions that are highly polymorphic
and rich in segmental duplications and repeats. Genotyping
approaches for the TCR loci have previously leveraged either
targeted short-read genomic approaches or adaptive immune
receptor repertoire sequencing (AIRR-seq) methods;”"" how-
ever, these efforts have focused only on genic variants. The
utility of long-read whole-genome sequencing for more
completely resolving genomic variants, even in complex loci,
has been demonstrated. However, applying long-read whole-
genome sequencing to large cohorts is currently not practical.
Previously, we selectively sequenced the IGH locus using long-
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read sequencing by applying a custom oligonucletide capture
panel that allows for the enrichment of long-read sequencing li-
braries for IGH DNA. The primary benefits of this approach are
that it allows for the resolution of complex haplotype variation
in one of the most polymorphic regions of the human genome
at scale, providing the opportunity to leverage the strengths of
long-read sequencing even in large cohorts in a cost-effective
manner. Given that the complexity of the TCR loci mirrors
that observed within the IG loci, we have adopted our approach
for use in the TRA/D and TRB loci. To do this, we have
expanded our previously developed computational framework
to allow for resolution of TRA/D and TRB haplotype-resolved
assemblies, SNPs, indels, SVs, and gene alleles. We validated
our design through assessing Mendelian inheritance in mother-
father-child trios and tested our approach against matched
NGS datasets.

Our design includes both wet lab experimental protocol and
end-to-end informatics pipeline with several key data deliver-
ables: (1) BAM files with phased HiFi read alignments, (2) phased
assembly alignments, (3) VCF with SNVs, BED files with (4) indels
and (5) SVs, and (6) FASTA files with the assemblies and (7) gene
alleles. These outputs are provided in standard data formats
employed by other commonly used genomic pipelines and tools,
allowing for downstream analysis and seamless integration into
other analytical workflows.

RESULTS

Targeted long-read sequencing of the TRA/D and TRB
loci

We designed a custom oligonucleotide (oligo) capture panel
(Roche KAPA Hyper-Choice) based on sequence targets span-
ning the TRA/D and TRB loci (hg38, chromosome chr22:
22,000,934-22,953,034; chr7: 142,270,924-142,843,399). To
demonstrate the utility of this approach, we generated long-
fragment capture libraries (4-6 kb) in 11 individuals from the
1000 Genomes Project (1KGP) cohort, including 2 mother-fa-
ther-child trios (Yoruba, n = 3; Kinh Vietnamese, n = 3) and 5
unrelated individuals of diverse ethnic backgrounds (Table 1;
Japanese, n = 1; Yoruba, n = 1; Utah residents [CEPH] with
Northern and Western European ancestry, n = 1; Columbian,
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Figure 1. Targeted HiFi sequencing generates highly accurate long reads

(A and B) HiFi read (A) lengths and (B) quality.

(C) Coverage of (C) TRA/D and TRB. Each color represents a different sample.

n = 1; Puerto Rican, n = 1). The goal of the TKGP was to create
a global reference of human genetic variation by sequencing
2,504 individuals and 129 mother-father-child trios using multi-
ple sequencing/genotyping approaches (primarily short-read
and array-based methods) from 26 populations. DNA from
these samples is commercially available, making them ideal
for testing and benchmarking different protocols and
sequencing platforms and for detecting novel genetic variation
in diverse populations. Libraries were multiplexed and
sequenced on the Pacific Biosciences Sequel lle system,
generating mean high-fidelity (HiFi) read lengths and accuracies
ranging from 4.2 to 6 kb (Figure 1A) and 99.90% to 99.93%
(Figure 1B), respectively. Average per base HiFi read coverage
ranged from 71x to 607 x across both loci (Table 1). Coverage
from sequencing DNA from a capture protocol is not expected
to follow a Poisson distribution, as is typical from whole-
genome sequencing data. Therefore, we empirically evaluated
the coverage of the capture data generated here at each
base position across the TRA/D and TRB loci (Figure 1C).
Only two regions in two different samples (1,091 bp,
HG02060; 374 bp, HG01175) had 0x coverage; in the remain-
ing nine samples, all bases were spanned by at least 1 HiFi
read (Figure 1C). Specifically, the two regions with 0x coverage
in HG02060 and HGO01175 had a range of 38x to 311x
coverage in the other nine samples, indicating that the lack of
coverage in these two samples was likely due to inherent vari-
ation in hybridization or sequencing. In summary, these metrics

demonstrate that TRA/D and TRB are effectively captured and
sequenced using this targeted custom oligo capture panel and
long-read sequencing framework.

Generating haplotype-resolved assemblies of the TRA/
D and TRB loci

We next assessed our ability to generate TRA/D and TRB
haplotype-specific assemblies. Following methods outlined in
Rodriguez et al.,”° heterozygous SNPs were identified and
phased using HiFi reads from the capture-based sequencing
datasets. Among the unrelated samples (n = 9), a mean of
1,356 (TRA/D) and 1,110 (TRB) heterozygous SNPs were iden-
tified. On average, >99% of these SNPs (1,353, TRA/D; 1,105,
TRB) were phased with the WhatsHap tool, allowing for 57% to
93% (mean = 78%) and 29% to 95% (mean = 66%) of TRA/D
and TRB, respectively, to be completely phased. The variation
in assembly phasing was associated with the number of het-
erozygous positions identified in each sample. For example,
NA18956, a Japanese sample, had the fewest bases phased
(29% in TRB) and the fewest heterozygous SNPs (n = 463).
However, the low number of polymorphisms identified was
not due to low read coverage, as this sample had 99x mean
base coverage. The longest haplotype blocks resolved repre-
sented 71% and 83% of the TRA/D and TRB loci, respectively,
revealing that, for at least some samples, the majority of these
loci could be phased into a single block. The largest assembled
contigs per sample ranged in size from 158 to 653 kb
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Figure 2. Trio assemblies in TRA/D and TRB are highly accurate

(A and B) Examples of high concordance in TRA/D (A) and TRB (B) assemblies are shown between the parents and proband of both trios. The GENCODE (v.24)

annotation track is shown.

(mean = 295 kb) and from 100 kb to 326 kb (mean = 180 kb) in
TRA/D and TRB, respectively.

We next evaluated whether the trio probands HG02059 and
NA18507 could be fully phased using SNPs phased with paternal
and maternal data. In both probands, both haplotypes in TRA/D
and TRB were completely phased and resolved, including
20.2 and 20.4 kb insertions found in both proband haplotypes
in TRB. The accuracy of the TRA/D and TRB assemblies were
assessed using parental contigs (Figure 2). The HG02059 mater-
nally inherited haplotypes only had 63 bp mismatches with
the HG02060 (mother) contigs, collectively across the TRA/D
and TRB loci, representing an assembly accuracy greater than
99.996% (1,491,720/1,491,783 bp). Likewise, the paternally
inherited haplotypes for TRA/D and TRB only had 55 bp
mismatches with HG02061 (father) contigs, representing an
assembly accuracy of 99.997% (1,642,320/1,642,375). Results
for assemblies generated from NA18507 were similar, with
99.996% accuracy for both loci and maternal/paternal haplo-
types. Together, these results indicated that TRA/D and TRB
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can be completely reconstructed at high quality using our
approach.

Accurate detection of SNPs, indels, and SVs from diploid
assemblies
Using the haplotype-specific assemblies, genetic variants
including SNPs, indels (2-49 bp), and SVs (=50 bp) were evalu-
ated. First, the accuracy of the genetic variants was assessed
using Mendelian inheritance in the two trios. In total, there
were 4,087 and 4,611 SNPs identified in HG02059 and
NA18506, respectively, 4,065 (99.50%) and 4,571 (99.13%) of
which followed proper Mendelian inheritance. For indels, the
Mendelian inheritance rate was 97% (382/394) and 94% (448/
475) in HG02059 and NA18506, respectively, and for SVs it
was 93% (14/15) and 95% (19/20). These data show that variants
within TRA/D and TRB are being accurately detected.

Across the unrelated samples (n = 9), the mean numbers of
SNPs, indels, and SVs identified per sample in TRA/D and
TRB, respectively, were 2,470 and 1,802, 260 and 132, and
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Figure 3. Genetic variants in TRA/D and TRB

(A-C) The per-sample counts of (A) SNPs, (B) indels, and (C) SVs detected from TRA/D and TRB assemblies.

(D and E) Comparison of SNPs detected from long-read sequencing (LRS) capture assemblies and 1KGP3 (left) and 1KG-30x (right) variant call sets for (D) TRA/D
and (E) TRB; samples with the highest (left) and lowest (right) concordance rates are shown.

(F) IGV screenshot showing example region of TRB (chr7:142,438,390-142,547,431), demonstrating the presence of false SNPs identified from the 1KG-30x
dataset. The panels shown are (1, top) SNPs present only within the 1KG-30x variant call set, (2) 1KG-30x lllumina 30x 2x151 bp short-read data, (3) PacBio
HiFi-reads, and (4, bottom) PacBio HiFi assemblies. The ~20 kb insertion resolved by the PacBio HiFi reads is highlighted in blue.

4.2 and 6.3 (Figures 3A-3C). As expected, the majority of SNPs
and indels resided within intergenic regions, but in each sam-
ple, we observed a mean of 36.33 and 61.44 SNPs within
TRA/D and TRB genes. The total number of non-redundant

SNPs in TRA/D and TRB was 5,072 and 3,385, respectively,
only 10 and 16 SNPs of which were absent from dbSNPv154.
However, it is critical to note that dbSNPv154 is missing allele
frequency data for 818 (16%) and 1,206 (36%) SNPs in TRA/D
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and TRB, respectively. This indicates that while previous
studies using large cohorts have identified these SNPs, they
have not resolved them in enough samples to determine their
allele frequencies. Further, these SNPs are likely not rare, as
1,443 (71%) were found in 2 or more of the 9 unrelated samples
in this study.

We also noted that SNP density in TRA/D and TRB was
higher than what was observed across the entirety of chromo-
some 14 and 7 (Figures S1A and S1B). For 6 samples, we used
the 1KGP phase 3 (1IKGP3) SNPs to calculate the number of
SNPs in 10 kB windows across chromosomes 14 and 7, repre-
senting a background SNP density for comparisons with the
TRA/D and TRB loci, respectively. The mean number of SNPs
per 10 kb window across samples for chromosomes 14 and
7 ranged from 15 to 18 for both chromosomes. In TRA/D and
TRB, SNP densities ranged from 25 to 30 and 20 to 26, respec-
tively (Figure S1). While the SNP densities observed were
elevated in TRA/D and TRB, they were not as high as those
found in HLA (Figure S1B). Interestingly, the increased SNP
density was not uniformly distributed across the loci. Both
TRA/D and TRB contained regions with an elevated number
of SNPs (Figure S1). For example, all samples contained 71
to 87 SNPs in the 10 kb window spanning chr14: 21,890,001-
21,900,000 (TRA/D), which contains the gene TRAVS8-4.
Similarly, the 10 kb window spanning chr7:142,380,001-
142,390,000 in TRB, including the genes TRBV6-4, TRBV7-3,
and TRBV5-3, contained 23 to 83 SNPs across all unrelated
samples. Furthermore, although SNP densities in TRA/D and
TRB were elevated, runs of homozygosity (ROHs) were also
observed empirically in both loci, with the longest ROHs
observed in TRB (Figures S2 and S3). This could be related
to previously reported differences in recombination rates be-
tween TRA/D and TRB?' (2.3 versus 0.3 cM/Mb) as genomic re-
gions with lower than average recombination rates have been
shown to have longer tracts of ROHs.*”

We identified three SVs >20 kb in the TRB locus, two of which
were polymorphic among the 9 unrelated samples. One of these
polymorphic SVs involved the deletion of the genes TRBV6-2,
TRBV3-2, and TRBV4-3. We also detected a number of inter-
genic SVs, the largest of which was a 1,044 bp deletion. The
largest intergenic insertion was 665 bps, represented by a tan-
dem repeat expansion of a 37 bp motif. Other SVs included in-
sertions and deletions of mobile element (ME) sequences. For
example, a 331 bp Alu insertion was found in 6 individuals.
Additional SVs in non-repetitive regions were also found in mul-
tiple samples. For example, an 800 bp deletion and a 592 bp
insertion were found in 5 and 6 individuals, respectively. The po-
sitions of these SVs and their genotypes across samples are
provided in Table S1.
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Comparison between long-read- and short-read-

derived variants

We have previously reported a high number of false-positive
and -negative SNPs from short-read genomic data in the IGH
locus.2° Given that the IGH and TCR loci are evolutionary related,
sharing similar structural characteristics with respect to repeat
sequences and segmental duplications, we wanted to determine
whether SNPs identified with short-read data within the TCR loci
might also be impacted by higher false-positive and -negative
rates. To assess this, we compared SNP genotype calls derived
from our long-read capture data in 6 unrelated individuals with
those called from two short-read datasets generated in these
same samples: (1) phase 3 variant call sets from the 1KGP
(referred to as 1KGP3),>®> and (2) variants called from more
recently generated 30x WGS lllumina NovaSeq 6000 2 x 151
paired-end, TruSeq PCR-free sequence data (referred to as
1KG-30x; Figures 3D and 3E).**

The percentage of 1KGP3 TRA/D and TRB SNPs present in the
long-read SNP dataset ranged from 94% to 96% and 84% to
93%, respectively (Figures 3D and 3E). The number of SNPs
identified solely by the long-read capture data when compared
with the 1KGP3 call set ranged from 268 to 301 (11%-14%)
and 228 to 385 (22%-36%) in TRA/D and TRB, respectively
(Figures 3D and 3E). This shows that the 1KGP3 call set suffers
from high false-positive and -negative rates in TRB and a high
false-negative rate in TRA/D.

For the 1KG-30x% call set, the number of SNPs detected solely
by long reads decreased substantially for both loci. For TRA/D
and TRB, the SNPs identified solely by long reads ranged from
80 to 105 (3.6%-4.3%) and 12 to 39 (1.3%-3.8%), respectively
(Figures 3D and 3E). In addition, the number of 1KG-30x SNPs
also identified by the long-read SNP datasets ranged from
97% to 99% (Figures 3D and 3E). However, for TRB, the oppo-
site was true; the percentage of 1KG-30x SNPs found in the
long-read SNP datasets ranged from 25% to 34% (Figures 3D
and 3E). We determined that the significant increase in false-
positive SNPs in 1KG-30x was related to the reference genome
used. For the 1KGP3 call set, GRCh37/hg19 was used, and for
the 1KG-30x call set, GRCh38/hg38 was used. GRCh37/hg19
has three ~20 kb insertions in TRB relative to GRCh38/hg38.
We observed that, in the 1KGP3-30x dataset, reads derived
from the ~20 kb insertions were misaligned to other regions of
TRB in the GRCh38/hg38 reference (Figure 3F); this was despite
the fact that an alternate TRB haplotype with the insertion se-
quences was present (chr7_KI270803v1_alt) in the reference
file used to generate the 1KG-30x call set.

To further assess the potential validity of SNPs identified either
solely from long reads or solely from the 1KG-30x call set, we
determined whether these SNPs were in regions with low

Figure 4. Comparison of TRB haplotypes in GRCh38/hg38 and GRGRh37/hg19
(A) Dot plots between TRB loci GRCh38/hg38 chromosome 7, GRCh37/hg19 chromosome 7, and GRCh38/hg38 chr7_KI270803v1_alt. Dot plots were generated
using Gepard. Each dot represents sequence homology between the compared sequences. Gaps in the diagonal represent insertions/deletions. Dots

perpendicular to the diagonal indicate an inversion.

(B) TRB loci from chr7_KI270803v1_alt and GRCh37/hg19 chromosome 7 aligned to the TRB loci from GRCh38/hg38 chromosome 7. Both alignments further
demonstrate genetic differences between reference haplotypes. Alignment of chr7_KI270803v1_alt, in particular, identifies three ~20 kb insertions, indicated by

purple marks. The GENCODE (v.24) annotation track is shown.

(C) HiFi read coverage in all samples for the chr7_KI270803v1_alt assembly. Shaded regions indicate the three ~20 kb insertions in chr7_KI270803v1_alt.
(D) UCSC genome browser screenshots of chr7_KI270803v1_alt showing genes within the insertions. GENCODE (v.36) annotation track is shown.
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Figure 5. TRA/D and TRB allelic diversity
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Gene alleles resolved from (A) TRA/D and (B) TRB long-read assemblies. Each color represents an allele or a deleted gene allele. Alleles marked by black dots are
those not documented in IMGT. Genes with two distinct alleles are indicated by the presence of two filled boxes. Samples are arranged according to the su-

perpopulation labels (EAS, East Asian; AMR, American; AFR, African).

short-read mappability (Figure S4). Specifically, we used the
Umap multi-read mappability probability, which represents the
probability that a given k-mer within a specified region maps
uniquely to the reference. The Umap multi-read mappability
scores (k-mer = 24) for bases with SNPs uniquely identified by
long reads (mean = 0.28; n = 255) or solely present in the 1KG-
30x call set (mean = 0.79; n = 7,362) were significantly lower
than for bases with SNPs overlapping both datasets (mean =
0.82; n = 5,452; one-sided two-sample Kolmogorov-Smirnov
test, p < 2.2 x 107 '%). This demonstrates that the discrepancies
in calls made between datasets is likely in part due to the diffi-
culty of mapping short reads to repetitive loci in the genome.

Large structural differences between three TRB
reference haplotypes

Large structural differences between GRCh38/hg38 and GRCh37/
hg19 references within the TRB regions have been noted previ-
ously.?>?® In the previous section, we demonstrated that a signif-
icant number of false-positive SNPs from short-read data localized
around large ~20 kb insertions absent from the primary chromo-
somes in GRCh38/hg38. We thus conducted a focused analysis
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of these regions here to more directly assess their support in the
capture assemblies and their impacts on short-read mapping
and variant detection. Between GRCh38/hg38 and GRCh37/
hg19 reference files, there are 3 haplotypes available for TRB.
Comparing the GRCh37/hg19 and chr7_KI270803v1_alt alternate
contig with GRCh38/hg38 revealed an inversion and gaps in
GRCh37/hg19 and three 20 kb insertions in chr7_KI270803v1_alt
(Figures 4A and 4B). We assessed whether these events were sup-
ported by the HiFi read data generated here by mapping these to
the chr7_KI270803v1_alt haplotype (Figure 4C). We found that no
inversions were detected, suggesting that this event is either arare
SV or a misassembly. False inversions have also been identified in
other previously characterized misassembled regions in the
human genome.””*® The chr7_KI270803v1_alt TRB haplotype
additionally appears to be a minor haplotype, as only 2 out 18 hap-
lotypes in our cohort have all three ~20 kb insertions. However, as
additional approaches are developed for genotyping the TRB lo-
cus, it will be beneficial to use the chr7_KI270803v1_alt sequence
as it represents the longest haplotype and contains 5 functional
genes (TRBV6-2, TRBV4-3, TRBV6-9, TRBV7-8, and TRBV5-8)
and one pseudogene (TRBV3-2; Figure 4D).
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Detection of TRA/D and TRB alleles

A critical step in analyzing TCR repertoire sequencing data is the
alignment of reads to a TCR germline gene database in order to
identify the V, D, and J alleles present in a given read. Therefore,
it is important to utilize a complete and accurate allele data-
base.'® To determine the extent to which targeted long-read
capture sequencing can help complete TCR germline data-
bases, we first genotyped the alleles in both trios to measure
the genotyping accuracy and then genotyped the remaining
samples (Figure 5; Table S2). All (n = 207) TRA V and J and
TRBYV, D, and J alleles identified in HG02059 were also identified
in the parents. The same was true for NA18506, except for the
geneTRAJ18; in this case, an additional allele was incorrectly
identified in the assembly. However, direct use of the mapped
HiFi reads facilitated characterization of the correct TRAJ18
allele; for example, 58 HiFi reads contained the allele found in
both parents, and no reads supported the allele identified in
the assembly.

We next genotyped alleles across all nine unrelated samples
(Figure 5; Table S3). The average number of alleles observed
per TRA'V and J genes was 1.24 and 1.06, respectively, 1.19, 1,
and 1.06 for TRB V, D, and J genes, and 1.33, 1, and 1.06 for
TRDV, D, and J genes. This equated to an average of 26.7 hetero-
zygous genes per sample. Notably, however, patterns of homozy-
gosity and heterozygosity were biased toward particular genes in
the TRA/D and TRB loci. For almost half of the genes (88 out 179)
among TRA/D and TRB, no allelic variants were observed across
all 9 samples. In contrast, for 7 genes (TRAV27, TRAV36DV?7,
TRBJ1-6, TRBV10-3, TRBV30, TRAV12-2, and TRAV8-4), we
observed heterozygous allele calls in at least six individuals.

We next evaluated the occurrence of novel alleles among our
samples (i.e., alleles not found in the International ImMuno
GeneTics [IMGT] database; Table S4). In TRA, TRB, and TRD,
there were 42, 35, and 2 novel alleles, respectively. Among these
novel alleles, 4 TRBV alleles were predicted to be non-functional
due to a premature stop codon. The gene with the most novel al-
leles was TRAV8-4 (n = 5). Across all the novel alleles, 13 (16%)
were found in the assemblies and were supported by >10 HiFi
reads in 2 or more individuals. Thus, 66 of the putative novel alleles
here were only found in one of the 9 unrelated samples; nonethe-
less, in all cases, these alleles were supported by both assemblies
and >10 HiFi reads in each sample dataset. Given our estimates
of assembly accuracy, and TCR gene/allele genotyping recall in
the trio datasets, we suspect that these 66 alleles are likely
genuine. Providing additional support, 13 of the 35 TRB alleles
were identical to those recently reported in studies using AIRR-
seq.'%?9 Taken together, the 75 putative novel functional alleles
identified here have the potential to increase the alleles available
in IMGT by 22%, from a total of 341-416 functional/open reading
frame alleles. While all samples contain novel alleles, samples of
African ancestry carried the most novel alleles in this dataset
(Figure 5). This is likely due to greater genetic variation found
within African populations and the underrepresentation of African
samples in immunogenomic databases.?®>°

Many recent studies have released TCR allele databases with
alleles derived from 1KGP VCF files. One such database is the
pmTRIG.®" Caution surrounding the use of short-read datasets
for curating allelic variation in the immune receptor gene loci
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has been raised.>** We checked to determine how many of
our novel alleles were present in pmTRIG. Critically, the pmTRIG
database used 2,548 1KG samples, including the 9 samples
sequenced in this study. However, we found that only 32
(76%), 16 (46%), and 0 (0%) of the novel TRA, TRB, and TRD al-
leles, respectively, identified in the current study were present in
pmTRIG. Consistent with our comparison of short- and long-
read variant call sets (Figures 3D and 3E), this demonstrated
that short-read datasets derived with NGS technologies might
not be capable of detecting all novel alleles in the TRA/D and
TRB regions and can result in erroneous allelic variant calls.

Another critical region of TCRs is the constant domain, which
interacts with the CD3 complex for proper T cell signal transduc-
tion. In this cohort, we additionally genotyped constant gene al-
leles for TRA, TRD, and TRB. Interestingly, despite the fact the
samples surveyed here come from diverse populations, only a
single allele for TRDC (i.e., TRDC*01) was observed. For TRAC,
there were only two alleles present in the cohort, TRAC*01 and
a novel TRAC allele. The TRAC*01 allele was annotated in 15
(83%) of the 18 haplotypes analyzed (excluding probands;
Table S5). There are two constant genes present within TRB,
TRBC1 and TRBC2. For TRBC1, the majority of haplotypes
(83%) contained TRBC1*03, 2 carried (11%) TRBC1*01, and
only a single haplotype carried TRBC1*02. Lastly, for TRBC2,
we identified 6 alleles, including 4 novel alleles (Table S5).
TCRB2*01 and TCRB*02 were present in 53% and 24% of the
haplotypes, respectively. Interestingly, 4 out of the 5 novel alleles
identified among the TCR constant genes annotated here were
found only in African populations. These results demonstrate
that allelic variation within the TCR constant genes may be
more extensive than previously thought and are undersampled
in non-European populations.

DISCUSSION

TCRs are critical to T cell function and the adaptive immune
response. Although several studies have uncovered evidence
that genetics plays a role in shaping the TCR repertoire, only
two GWASSs have implicated the TCR loci in disease pathogen-
esis.’®'® In addition, despite the importance of TCR repertoire
sequencing and profiling in disease research, genetic diversity
in the TCR loci has not been extensively characterized, including
understanding coding variation within TCR V, D, J, and C gene
segments.®'%?® We therefore extended our published immuno-
genomics framework to selectively sequence and assemble the
human TCR loci using long-read sequencing in two trios and five
unrelated individuals spanning African, East Asian, American,
and European populations. Collectively, this dataset significantly
expands the diversity and number of available annotated long-
read haplotype assemblies for the TRA/D and TRB loci.

First, our analysis showed that the TCR loci can be effectively
captured, sequenced, and assembled into phased diploid as-
semblies using long-read data. Importantly, across all samples,
>99.9% of bases across both TRA/D and TRB loci were spanned
by HiFi reads, and use of read-based variant phasing allowed us
to generate haploid-specific assembly contigs, in some cases
extending up to 653 kb in length. Critically, in trio probands, fully
phased assemblies were possible, indicating that when phased
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variants are available, our method allows for complete recon-
struction of haplotype assemblies spanning these loci. Consis-
tent with our previous analysis of the human IGH locus using
this approach,®® comparison of assemblies from probands and
parents of two trios demonstrated assembly per base accu-
racies >99.9%. This assembly accuracy was reflected in variant
call sets between parental and proband samples as well, in
which >99% of SNP genotypes followed Mendelian inheritance
patterns. Together, these initial analyses in trios highlighted the
utility of using our approach for deeper characterization of
TRA/D and TRB genetic diversity in an extended sample set.

Focusing on the analysis of 9 unrelated samples of diverse an-
cestries, we showed that long-read assemblies could be used
to comprehensively detect SNPs, indels, and SVs. Similar to ob-
servations made in the Ig loci,”*>* although perhaps less exten-
sive, we noted that genetic diversity in the TCR loci was elevated,
represented by significantly higher SNP densities relative to
the chromosome 7 and 14 averages. Interestingly, densities of
SNPs were slightly higher in TRA/D relative to TRB, but in
contrast, more SVs were detected in the TRB locus. However,
it is notable that the number of polymorphic-gene-containing
SVs in the TCR loci collectively is fewer than currently described
in the 1G loci, particularly IGH. This is in line with previous sug-
gestions that sequence evolution within the TCR loci has been
influenced less by SVs."" Importantly, one of the gene deletions
in TRB was very common in the samples studied here; it was
present in a homozygous state in all 9 unrelated individuals
sequenced. Being able to extend our approach to a greater num-
ber of individuals will be useful for assessing SV frequencies
across human populations. This will likely be the case with
SNPs as well. Our analysis revealed that a large proportion of
SNPs identified in our samples lacked allele frequency data in
dbSNP. Many of these variants were also difficult to genotype
accurately using older short-read datasets from the 1KGP. While
the utilization of higher coverage and quality short-read datasets
performed better, our analysis indicated that the informed use of
the correct genome reference that accounts for particular SVs
and alternate haplotypes is critical to ensure read mapping and
genotyping accuracy. Indeed, utilizing the proper TRB reference
haplotype will likely decrease the number of false-positive SNPs
identified by short reads. Future work should include the re-anal-
ysis of sequencing data utilizing a proper reference or potentially
areference graph genome capable of integrating different haplo-
types.®>>°" A potential path forward includes a large-scale pop-
ulation long-read sequencing analysis of TCR loci to generate
completely phased haplotypes that will serve as a framework
for the detection and imputation of variants using previously
generated sequencing datasets.*®

Our characterization of TCR haplotypes included the annota-
tion of TCR genes across samples. Having complete haplotypes
facilitated the discovery of extensive allelic variation, including
the presence of many novel TRA/D and TRB alleles. The fact
that we identified 85 undocumented (non-IMGT) alleles in only 9
unrelated individuals highlights the severe deficits that currently
exist in germline databases. Considering our findings alongside
other recent efforts underlines the work that remains to be done
to fully catalog TCR gene diversity in the human population. '%-°
At present, the impact that these missing germline genes and
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alleles have on the analysis and interpretation of TCR repertoire
sequencing studies is not clear but would be expected to have
profound effects on germline gene/allele assignment efforts,
similar to what has been noted for expressed B cell receptor rep-
ertoires. As observed in the IG loci,*® " it will be interesting to un-
derstand whether the inter-individual diversity uncovered in the
human TCR loci will extend to non-human species as well.
Ultimately, we argue that improving the characterization of ge-
netic diversity in the TCR loci will shed light on the role of these re-
gionsindriving key functions of TCRs and T cells in a variety of dis-
ease and clinical contexts. This study demonstrates the
effectiveness of our approach over other existing methods. As
we have shown for the IG loci, our approach is scalable, offering
the opportunity to utilize it in a high-throughput fashion to
sequence 100s to 1,000s of samples. Furthermore, although we
have focused on analysis of TRB and TRA/D here, this approach
could easily be extended to include the TRG locus as well. The
future application of our approach will allow for the discovery
and characterization of diversity in both coding and non-coding
(e.g., regulatory) regions of these criticalimmune loci at an unprec-
edented scale, with the potential to more fully catalog TCR vari-
ants, akin to what has been done for the MHC/HLA genes. Haplo-
typing and genotyping of the MHC/HLA loci is standard practice in
many immune studies, thus our method provides an opportunity
to similarly operationalize genotyping of TCR genes, including ef-
forts to do this in conjunction with MHC/HLA typing to better un-
derstand genetic impacts on the function of TCR-MHC interac-
tions. Additionally, partnering our method with AIRR-seq can
facilitate the identification of TCR variants that impact the compo-
sition of the TCR repertoire®'° as well as crosstalk between B and
T cells, e.g., T cell-dependent B cell activation. We expect such
studies to become more common as the use of AIRR-seq be-
comes more prevalent in the research and clinical arenas.

Limitations

There are two main limitations to our study. We extract the TCR
alpha, beta, and delta loci using oligo probes designed from
resolved TCR haplotypes. Novel sequences (i.e., insertions)
with no sequence similarity to sequence from previously resolved
haplotypes may not be efficiently captured. However, in such
cases, we would expect to observe signatures of novel insertions
(i.e., soft-clipped bases), allowing for potential follow-up
sequencing using whole-genome sequencing or other orthog-
onal methods. Once the novel insertion is resolved, probes can
then be designed to pull down this sequence. Another theoretical
limitation is the read lengths of the HiFireads. While we were able
to resolve a 20 kb insertion, there are potential limits to the SVs
that 4.2-6 kb reads can resolve, depending on specific SV
sequence features and architecture. However, as in the previous
limitations, signatures for SVs should still be observed and there-
fore can be detected for deeper characterization as needed.
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources should be directed to and will be fulfilled by the lead contact, Corey T. Watson (corey.
watson@louisville.edu).

Materials availability
This study did not generate new unique reagents.

Data and code availability
o All raw sequencing data in BAM format have been deposited in SRA and are publicly available as of the date of publication.
Accession numbers are listed in the key resources table.
o All original code has been deposited in Zenodo (https://doi.org/10.5281/zenodo.7173321).

METHOD DETAILS

Long-read library preparation and sequencing
Genomic DNA was procured from the Coriell Institute for Medical Research (Camden, NJ). Genomic DNA was prepared using the
protocol described in our previously published targeted long-read sequencing and IGenotyper framework.”° Briefly, 1-2 pg of
high molecular weight DNA was sheared using g-tube (Covaris, Woburn, MA) to 5-9 Kbp at a 7000 RPM and size selected using
the 0.75% DF 3-10 kb Marker S1-Improved Recovery cassette definition on the Blue Pippin (Sage Science). Sheared gDNA under-
went end repaired and A-tailing using the standard KAPA library protocol. Barcodes were added to samples sequenced on the
Sequel lle platform and universal primers were ligated to all samples. PCR amplification was performed for 8-9 cycles using
PrimeSTAR GXL Polymerase (Takara) at an annealing temperature of 60°C. Small fragments and excess reagents were removed us-
ing 0.7X vol:vol AMPure beads. Genomic DNA target enrichment was carried out using oligo probes designed directly from the refer-
ence sequence for TRA/D (chr14:21591838-22619224; hg38) and TRB (chr7:142270924-142843399; hg38); see Roche design spec-
ifications for details. Constructed capture libraries were washed using the KAPA Hyper-Cap protocol, and post-capture PCR
amplification was performed for 16-18 cycles using PrimeSTAR GXL Polymerase (Takara) at an annealing temperature of 60°C.
Sequencing SMRTbell libraries were prepared using the SMRTbell Template Preparation Kit 1.0 (Pacific Biosciences, Menlo Park,
CA, United States). Each sample was treated with a DNA Damage Repair and End Repair mix to repair nicked DNA, followed by
A-tailing and ligation with SMRTbell hairpin adapters. These libraries were treated with an exonuclease cocktail to remove unligated
gDNA and cleaned with 0.5X AMPure PB beads (Pacific Biosciences). The resulting SMRTbell libraries were prepared for sequencing
according to the manufacturer’s protocol and sequenced on the Sequel lle system using 2.0 chemistry and 30 h movies. HiFi data,
consisting of circular consensus sequences filtered at a quality threshold of QV20 (99%), were generated on instrument and used for
all downstream analysis.

Long-read assembly and genetic variation and allele detection

HiFi sequence data was analyzed using IGenotyper (version ad93f5d) using the default parameters.”® IGenotyper uses BLASR,
WhatsHap, MsPAC and Canu for alignment, SNP detection and phasing, HiFi phasing and indel/SV detection and assembly, respec-
tively.*>~*° Briefly, the HiFi reads were first aligned to GRCh38 containing the alternate contigs. WhatsHap was then used to detect
phased SNPs using the find_snv_candidates, genotype and phase commands. Using the MsPAC phase scripts, the HiFi reads were
partitioned by haplotype or were labeled as unphased using the BLASR aligned reads and the WhatsHap phased SNPs. Canu was
then used to assemble each haplotype and unphased reads with the ‘-pacbio-hifi‘ option. MsPAC was then used again to detect
indels and SVs using a multiple sequence alignment generated by Kalign.“® SNPs were detected by IGenotyper from the alignment
of haplotype resolved assembilies.

TCR genes and alleles were annotated and genotyped using IGenotyper. Specifically, IGenotyper output included extracted allele
sequences for each TCR gene from the assembly and HiFi reads; allele assignments for each gene were made by assessing whether
extracted sequences were exact string matches to the IMGT database (imgt.org). The IMGT database used was downloaded on
2022-02-20. Sequences that did not align to IMGT with an exact match were considered novel. Novel alleles were also compared
to the pmIGTR database using the fasta sequences found in https://pmtrig.lumc.nl/Analytics accessed on 2022-02, again by
requiring exact sequence matches.

Assessing accuracy of assembly and genetic variants

The accuracy of the assemblies and variants was assessed using data from two mother-father-proband trios. In each case, we used
BLASR? to align the inherited parental contigs to the respective maternally or paternally inherited assembly in the proband.*? Dif-
ferences between the parental and proband sequences were detected using a custom python script utilizing the pysam library. Align-
ments were evaluated for (1) full alignment without any soft-clipped sequences, (2) deletions, (3) insertions and (4) mismatches.
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Comparison of SNP genotypes between long- and short-read datasets

1KGP3 and 1KG-30X SNPs were downloaded from s3://1000genomes/release/20130502/supporting/ GRCh38_positions/
ALL.chr7.phase3_shapeit2_mvncall_integrated_v3plus_nounphased.rsID.genotypes.GRCh38_dbSNP_no_SVs.vcf.gz and gs://fc-
56ac46ea-efc4-4683-b6d5-6d95bed41c5e/CCDG_14151/Project_CCDG_14151_B01_GRM_WGS.gVCF.2020-02-12/Project_CCDG_
14151_B01_GRM_WGS.gVCF.2020-02-12, respectively. Comparisons were performed using a custom python script that compared
both the presence and genotype of all variants between two datasets.
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