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Germline Inference

Computational Identification of germline Ig or TCR sequences
from expressed Rep-Seq data

Isolation of naive germline sequences that are used in multiple
independent antibody or TCR rearrangements

lgDiscover




Adaptive immune receptor loci are
among the most polymorphicin the
human genome
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lgDiscover library production
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IgDiscover analysis overview

[Rep-Seq Library > MiSeq 2 x 300 bp}

= Assignment of sequences to closest
reference database sequence

= Windowed and linkage clustering

High frequency

V-gene "Starting”
alleles

Database

= Discovery of germline candidates

Numberof unigue CDR3s, J genes, Germline Filtering

= Replacement of reference database
with newly created database - Y

Replacement
Database Iteration n

Low frequency a Fyrtheriterations, replacement of

alleles previous database, whitelisting Individualized

\_ database )

Corcoran, Phad et al. Nature Communications 2016
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Individualized database usage

* Accuracy of SHM estimation
* Lineage tracing of diverse antibodies

* |dentification of gene/allele content to enable association studies



Using Germline Inferral to assemble
a Rep-Seq suitable database
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genotyping yields comprehensive databases of germline VDJ alleles.
Immunity. 2021



Rhesus V alleles

IGHV1 48

o KIMDB

IGHV4 330

e N Karolinska Institute
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Inferred germline database

* Highly comprehensive in terms of germline sequences

* Problems with gene nomenclature remain (non-human species)



lgDiscover updated version

MIARR compliant

TCR discovery
* Improved haplotyping facility

* Genotype module — core count

J and D discovery
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Computational analysis

Germline gene inference, known
and novel alleles

Core count, genotype validation



TCR Germline Discovery

\ D1 D2 n 12 CH
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B TCR specific

V D11J2 CH
Validation

V D21 CH —— Rearranged

¥ BED GH * PCR and Sanger sequencing

R

V gene sequences will be = HaDIOtype ana|y5i5

associated with multiple
unique CDR3s Js (and Ds)

* corecount genotype analysis



Validation by inferred haplotype analysis

J allele A

==
J allele B
[ ]

W oallele A

V allele status can be determined through linkage to

heterozygous J alleles
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Genotype comparison
corecount analysis module

88




Genotype comparison
corecount analysis module
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Unmutated sequences
iIn human IgM libraries

BOHV =24
2=20
W I-T4
MEHN=30=2
IGHE-1
KiH3-840
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P I=13
POV I-43
HGHY -8
3 3-20
MO =00=2
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Genotype comparison
corecount analysis module

V D J

Most recombined VDJ sequences will not contain full length Vs, Ds or Js
They will contain a ‘core’ of the appropriate V, D and J allele

Using a modified ‘core’ database allows highly accurate identification of
even low frequency genes and alleles from the filtered.tab output of IgDiscover.

core sequence = full length allele minus nucleotides frequency
lost during recombination



Reference database sequence

>IGHD2-21*01
AGCATATTGTGGTGGTGATTGCTATTCC
>IGHD2-21*02
AGCATATTGTGGTGGTGACTGCTATTCC

Corecount database sequence

>IGHD2-21*01
CATATTGTGGTGGTGATTGCTATT
>IGHD2-21*02
CATATTGTGGTGGTGACTGCTATT



Genotype comparison
corecount analysis module

Requirements
* Comprehensive database

* Rep-Seq library with sufficient unmutated sequences
(IgM, IgD, IgK, IgL, TRA, TRB, TRD, TRG)

* High quality sequence library (MiSeq, 2 x 300 V3, avoid high clustering density)



Testing the accuracy of the corecount genotyping

* Analysis of subject of “known” genotype

* High gene content individual
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Genomic validation of all expressed sequences

Gene A Gene B pseudogene 1 Gene C

—_—

[ 1 -

-—

* Primers designed to amplify all expressed genes
50 IGHV genes, 64 alleles
* Products cloned into plasmids and

27 IGHD genes Sanger sequenced

6 IGH] genes, 7 alleles * All expressedV genes, D genes and J genes

targeted



V (50 genes, 64 alleles)
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* Sanger sequenced genotype showed 100% identity to the corecount genotype output



Corecount genotyping summary

Performed on filtered output of IgDiscover

Batch analysis is rapid

Filtering is simplified (allelic ratio, expected frequency, CDR3 diversity)
Highly accurate in genotyping low frequency genes

Can discriminate between alleles with 3’ end variation



Conclusion

Diversity is extensive in outbred species

Involves both allele and gene content

Combination of Rep-Seq and genomic methods help define diversity
Databases will become more comprehensive and accurate

High throughput, rapid and consistent methods will enable
future association studies
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Revealing Ig/TR germline variations by AIRR-
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Repertoire inference steps
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Undocumented allele inference

Chain Known Alleles Undocumented
discovered
IGH 287 25 Mikocziova at el.
2020, NAR
IGK 64 25 Mikocziova and
Peres at el. 2021,
Iscience
IGL 75 23
TRB 64 38 Omer and Peres at
el. 2021, genome
medicine




GenOtype Influence [Omer* and Peres* et al., 2021 Genome Medicine]

TRBD2*01 GGGACTAGCGGGG
TRBD2*02 GGGACTAGCGGGAGGG
************.***
08 = = o5l .. TRBD2 genotype
: w1 E3 01 E® 01,02 E3 02
0.6- % 0.201. - -
o : 0.151 : : i -
SR T
= """ 0.10{ o + ,_I# #
0.2- ' S Yl # , m .
0.05- TL?++++ ﬂ [ HE -
0.0 —— 0.00 | 'L . m -
™ D1 D2 J1=1J1-2J1=3J1—4J1-5J1-6J2-1J2—-2J2-3)2-4J2-5J2-6J2—7

TRB gene

Strong bias between TRBD2 genotype and TRBJ1-6 usage



RADHIT: R Antibody Haplotype Inference Tool (peres et al., 2019 Bioinformatics]
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RADHIT: R Antibody Haplotype Inference Tool (peres et al., 2019 Bioinformatics]

(Infer double chromosome deletions)
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RADHIT: R Antibody Haplotype Inference Tool (peres et al., 2019 Bioinformatics]
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Haplotype inference

J genes as anchors (TRBJ1-6)
Allele patterns and deletion
associations

Linkage between TRBV7-2*02

and TRBV4-3 deletion
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VDJ base.org [Omer*, Shemesh*, Peres* et al., 2020 NAR]

Species  Human ¢ GenomicSets Select Datasets AIRR-seq Sets m
VDJbase Reports

Currently available reports run against AIRR-Seq data sets. Reports that run against genomic datasets, or that combine
data of both types, will be added in due course.

e Publicly available Ig and TRB database
SearCh eng I ne Please selecéabm{e th?1 species and datasets on which you would like to report. Multiple datasets from the same
s species can be selected.
(] DeSCrl bl ng Complete SetS Of g e n Otype You can refine the samples against which the reports will run by using filters in the Samples windows to display just

those samples that you wish to be included.

and haplotype data To run the report, click on an icon in the Run column corresponding to the output format that you would like (e.g. pdf,

on-screen, Excel)
[ ] Gene usage data Click here for explanation of reports.

Reports using just AIRR-seq Sample Data

Heatmap-style report of the inferred o
genotypes for up to 20 samples

Heatmap showing the inferred
genotype derived from each selected &
sample

e Available for local installation

e Allows you to privately add your own
datasets

e VDJbase processing pipeline is available
in dockerhub peresay/suite

Heatmap showing the inferred

haplotype derived from each selected
sample. Only samples that can be
haplotyped with the selected gene will

be shown

Charts the frequency at which each

allele appears (on either or both 5
chromosomes) in the selected @
samples

Charts the extent to which alleles of
each gene are heterozygous in the =]
selected samples

Charts the number of alleles of each

gene that appear in the selected =)

samples

Plots the expression frequency of
(B

genes in selected samples

Overview comparison of two datasets.


https://hub.docker.com/r/peresay/suite

Future plans

Adapting TigGER, RAbHIT and VDJbase to other species.
Adding more projects to VDJbase.

Adding and improving comparative visualizations.
Creating interface between different servers and VDJbase

(e.g OGRDB) RAbHH-

'? 2

-
S

VDjbase ()

JUST USE |

&

7/\

q MXIPDID,,
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Outline of presentation

1) Introduction
a) Geneticvariation inthe immunoglobulin heavy chain locus (IGH)

b) Advantages oflong-read sequencing over short-read sequencing

2) Framework for resolving the immunoglobulin heavy locus in a high throughput fashion
using long read sequencing

3) Resolving the immunoglobulin heavy chain locus in a cohort with adaptive immune
repertoire sequencing

4) Resolving the T-cell receptor loci using long read sequencing

5) Application of framework to the immunoglobulin loci in rhesus macaque

6) Conclusion



Genetic variation defined by genetic differences
between individuals

Person 1: ATGCTAGCTAGTCAG
Person 2: ATGCTACCTAGTCAG



Genetic variation ranges in size from base differences
to large structural variants

Person 1: ATGCTAGCTAGTCAG
Person 2: ATGCTACCTAGTCAG

ENP, point mutation

I I [ I | T I I ™
10°

1bp

—

Single nucleotide change

Adopted from Poliex et al



Genetic variation ranges in size from base differences
to large structural variants

Person 1: ATGCTAGCTAGTCAG
Person 2: ATGCTACCTAGTCAG

Person 1: ATGCTAGCTAGTCAG
Person 2: ATGCTA TCAG

STRs

L
i

Small indels
& S

il

SNP, point mutation
<

I | [ I | T I I ™
10° 10’ 10° ) - ) _ ) _
1bp 10bp 100 bp

—
|

Single nucleotide change

Adopted from Poliex et al



Genetic variation ranges in size from base differences

to large structural variants

Chromosomal variation
- -
Large-scale structural variation
e e

Intermediate-scale structural variation
—

Person 1: ATGCTAGCTAGTCAG
Person 2: ATGCTACCTAGTCAG
Person 1: ATGCTAGCTAGTCAG
Person 2: ATGCTA TCAG
Person 1: ATGCTAGCTAGTCAG
Person 2: ATGCTACCT,-‘J}_'@TCAG

- o,
o -

P e
e =

e e

ATGCTACCTAGTCAGATGCTAC
CTAGTCAGATGCTACCTAGTCA
GATGCTACCTAGTCAGATGCTA
CCTAGTCAGATGCTACCTAGTC
AGAGTCAGATGCTACCTAGTCA
GAGTCAGATGCTACCTAGTCAG
AGTCAGATGCTACCTAGTCAGA
CAGTCAGATGCTACCTAGTCAG

AGTCAGAT

Betruelementkinsertiuns

Eine-scale struc.jural variation

STRs

L
i

Small indels
& S

il

SNP, point mutation
<

| | | | | | |
10° 10’ 10° 10° 10* 10° 10°
1bp 10bp 100bp 1kb 10kb 100kb 1Mb
T Y

Single nucleotide change CNV

| ™
107 10°
10Mb 100 Mb

Adopted from Poliex et al



IGH locus is located at the telomeric end of
chromosome 14

V genes D genes IG heavy chain locus

l genes C genes

& ——iH3 HHHHHHH i




Rearranged DNA gets transcribed and translated
to produce the heavy chain of antibodies

Ll D genes IG heavy chain locus
]EE‘I"IE'S Cgenes
i —4 ———H3 e = HHH— - —
Junctional
diversity

P-and M-nucleotides




By selecting different genes, B cells can create a
diverse antibody repertoire

V genes D genes IG heavy chain locus

‘/‘/ Junctional
diversity

* . .h- ;‘ h * h. P-and N-m:.clenlides




At the population level, there also exist haplotype
diversity

: V genes 3 D genes IG heavy chain locus
dﬁ"e"'c -+ + -+ 1 J genes c
iversit - genes
¥ = = + 4 -5 1 + ' 1
+ 4+ 4 43 ++ + ¢ R E B
LLL Wil =“I| l :_ H

i ———H4 H—HHHH

Telomeric
‘/A/ Junctional
diversity

S

* .‘;- ;‘ & ?‘ h’ P—andN-m:clenlides
...... g o~
b W
L D A FE
—8
Heavy chain @ 1




At the population level, there also exist haplotype
diversity

: Vienes _g D genes IG heavy chain locus
dﬁ"e“'c & 1 1 4 ] genes c
iversit - genes
¥ - 4+ 4 - - } $ 5
+ -+ 4+ 44 ++ + 4 A E N
i i —H—a—H3 HHHHHH HHH— - - —
‘/A/ Junctional
diversity
% & . ) h % & P-and M-nucleotides
o 'I -;- o . '|,r 4 v .I_ I' e -\"-.___ o
1 My

. M ’ h AL — B i —— P

Heavy chain @ & i

............

............



Iversli

Current data shows extensive allelic d
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IGHV genes



Iversli

Current data shows extensive allelic d
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Large number of structural variants in IGH
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00 kb

Structural variants identified in a
single individual

VWatson et al. AJHG 2013



Large number of structural variants in IGH
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Large number of structural variants in IGH

Table 1. CNV: ldentified from BAC and Fosmid Clones

GRCh37 GRCh37
IGHV Genes Quter-5tart Outer-End Event Size
Individual Population CNV Type Included in CHV* (Breakpoint)® (Breakpolnt)® (~kbp)
CH17 nd Insertion V1-69D, V1-f, V3-h, 107174927 107174941 46.6
V2-T0D (galn)
CHI7 nd Complex event  V4-30-2 (gain) ¥V4-31 106804332 106810878 6.5°/48.8"
(loss)
CH17? nd Complex event  V5-a, V3-64D (gain) 106531320 106569343 g
V3-8, V1-8 (loss)
CHI7 nd Insertion V7-4-1 (gain) 106483362 106484225 9.5
NA12156 CEPH Deletion V4-39, V3-38 (loss) 106866357 106899042 327
MNAL5510 and nd and Yoruba Insertion Vi-g, V3-d, V3-43D, 106877146 106877535 61.1
NA19240 V4-b (gain)
MATRS55 Han Chinese r::mnplu event  V3.30-5, V304, 106804332 106804333 49.2
{haplotype A) V3-30-3, V4-30-2 (gain)
MNAIBS5S Han Chinese  Deletion V4-31, V3-30 (loss) 106786254 106811213 24.9973.94
(haplotype B)
MNALBS0T7 Yoruban Complex event®  Vid-30-4, V3-30-3 (gain) 106784242 nd 25.2
V330 (loss)
NAL1S502 Yoruban Complex event® V3.30-5 (gain) ¥3-33, nd 106820685 24.7
Via-31 (loss)
MNALE956 and  Japaneseand,  Duplication V3-23D (gain) 1067 16650 1067278461 10.8
NA12156 CEPH
MNA19240 and  Yorubas-and Insertion V7-4-1 (gain) 106433362 106484225 9.5
NALZETE CEPH

VWatson et al. AJHG 2013



Large number of structural variants in IGH

Table 1. CNV: ldentified from BAC and Fosmid Clones
GRCh17 GRCh37
IGHY Gunes Cruer-3uarc wuter-cna Evenit Jime ﬁ ,@
Individual Population CNV Type Included In CNV® (Breakpoint)® (Breakpoint)® (-kbp) 3 ‘?‘:k .@‘?
CHI17 nd Insertion V1-690, V1-f, V3-h, 107174927 107174941 46.6 4 kL
V2-70D (gain) —m—
CH17 nd Complex event  V4-30-2 (gain) V4-31 106804332 106810878 6.57/48.8 8 ar
{loss) 5‘: _ién
CH17 nd Complex event  V5-a, V3-64D (galm) 106531320 106569343 383777 4 SN |
V3-8, V1-8 (loss)
CHI7 nd Insertion V7-4-1 (gain) 106483362 106484225 9.5
MAL2156 CEFH Deletion V=39, V3-38 (loss) 106866357 10689904 2 32.7
MA15510 and nd and Yoruba Insertion Vi-¢, V3-d, V3-41D, 106877146 106877535 61.1
MAL19240 Vd-b (gain)
MA1BS55 Han Chingse C::‘n-|'|'||!l|¢k event  V3.30-5, V304, 106804332 1068043313 49,2
(haplotype A) V3303, V4-30:2 (gain)
MALRS55 Han Chinese Deletlon V4-31, V3-30 (loss) 106786254 106811213 24957397
(haplotype B)
MNALBS0T7 Yoruban Complex event®  Vid-30-4, V3-30-3 (gain) 106784242 nd 25.2
Vi3-30 (loss)
NAL1S502 Yoruban Complex event® V3.30-5 (gain) ¥3-33, nd 106820685 24.7
Via-31 (loss)
MNALEDS6 and  Japaneseand, Duplication Vi-21D (gain) 1067 16650 106727861 10.8
MA12156 CEFH
NAL9240 and  Yorebas-gnd Insertion V7-4-1 (gain) 106483362 106484225 9.5
NALZEVE CEPH

VWatson et al. AJHG 2013



Large number of structural variants in IGH

Table 1. CNV: ldentified from BAC and Fosmid Clones

GRCh37 GRCh37
IGHV Genes Outer-5tart Outer-End Event Size
Individual Population CNV Type Included in CHV* (Breakpoint)® (Breakpolnt)® (~kbp)
CH17 nd Insertion V1-69D, V1-f, V3-h, 107174927 107174941 46.6
V2-70D (gain)
CHI7 nd Complex event  V4-30-2 (gain) ¥V4-31 106804332 106810878 6.5°/48.8"
{loss)
CH17? nd Complex event  V5-a, V3-64D (gain) 106531320 106569343 g
V3-8, V1-8 (loss)
CHI7 nd Insertion V7-4-1 (gain) 106483362 106484225 9.5
—— e — e — — — — — — — — — — — — — — — — —
I NA12156 CERH— [eletion V4-39, V3-38 (loss) 106866357 106899042 327 I

I J8ALSS10.and_nd and Yorwba Jnsegion . . VI V3 V43D, 106877146 106877535 L1 |

Complex event

Complex event®

MNAL19240

MATRS55 Han Chinese

(haplotype A)

MNALR555 Haremmer®  Deletion
{haplotype B)

MNALBS0T7 Yoruban

MATRS02 Yoruban

MNALEDS6 and  Japanese and
NA12156 CEPH

MWA19240 and  Yoruban and
NALZE7E CEPH

Complex event®

Dplication

Insertion

Vd-b (gain)

V3-30-5, V4304,
V3.30-3, Vi4-30.2 (gain)

V4-31, V3-30 (loss)
V=304, Vi-30:1 (gain)
V330 (Joss)

V3-30-5 (gain) ¥3.33,
V=31 (loss)

V3-230) (gain)

V7-4-1 (gain)

106804332

10676254

106784242

nd

1067 16650

106483362

1068043313

106811213

nd

106820685

106727861

106484225

49.2

24957394

252

24.7

10.8

9.5

VWatson et al. AJHG 2013



Complexity of locus has hindered previous

sequencing methods to genotype IGH
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Complexity of locus has hindered previous
sequencing methods to genotype IGH
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Long highly identical sequences

Matsuda et al. J. Exp. Med 1998



Complexity of locus has hindered previous
sequencing methods to genotype IGH
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Complexity of locus has hindered previous
sequencing methods to genotype IGH
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Next-generation sequencing technology
generates reads from 50 to 250 bases

Input DNA:
I

gigggcagiaciagiiacagaaaticaaggiaarty
attgcgotiggoccttaaaaccdaatocoogagtatt
agatggtaatcatggtatgttatactatttgggcaaat
gotcacgataacatacgggogodcattadgitgea

150bpreads:




Reads are aligned to a reference genome

Input DNA:

Reference
genome: I .

o /
—— ——
150bp reads: . — . E—



Difference between reads and reference genome
correspond to genetic variants

Input DNA:

I ]
Reference
genome: | A [ )| 2 2 2 2 2 202 0 |

150bp reads:




Limitation of next-generation sequencing
technology

Input DNA: |
I [ ———" ' | —
. ! —— T —— e _—
180bpreads: ~ _—_ —0 == e —— —
. ——  [— —— s =
——  [— —— - e




Input DNA with repetitive or identical sequence
generates reads with identical sequence

Input DNA: |
I |
| | / — — = S I [ |
150bpreads: | | I .I . I , e _— —— | |:I| | | I
I | I— [——] — | E— [ ] ] :
—— E—— FE— —— | |




Aligning reads from repetitive sequence misses
genetic variation

Input DNA:
I [T ——— r 7]
Reference
genome: | | r 1]
[—]
e —] ) )
150bpreads: ! I |I ! I . E— __ e B
e | ) -
e | ) )
'?\ / ?
I:I | —
| —
| — o



Aligning reads from repetitive sequence misses
genetic variation

Input DNA: :
I [TE—————— ' r— 1]
Reference
genome: | [ [
. i E— " —] E— = __
150bpreads: ~ 0 = == — __ e B
. , | | E— E— __
| " | E— E—
—1
—1
— Misaligned reads and

[S— 1KB insertion missed




Long-read sequencing can detect more genetic
variants

Input DNA: |
I ] r ]
| —
5,000bp —_— —
reads: ] E—
e ———] T —




Third generation sequencing technologies are
capable of generating long reads

@ PACBIO’

NANOPORE

Techr

~




Third generation sequencing technologies are

capable of

Reads

generating long reads

SEQUEL SYSTEM PERFORMANCE: GENOMIC LIBRARY

Typical Performance:

30,000

= Half of data in reads: =30,000 bp

- Qutput par SMRT Cell: Up 1o 10 Gb
25,000 : 4

- Reads per SMRT Cell: -400,000
20,000

Half of data in reads =30 kb
15,000
10,000
5.000 Maximum read lengths =80 kb

—_—— e =

0 10,000 20,000 30,000 40,000 50,000 60,000 70,000 80,000 90000
T Read Length

NGS read lengths

a



Aligning long reads to the reference identifies
previously missed insertion

Sequenced

genome: [ T s

Reference
genome: *
l" S~ ~
e e —— —
S —— e
reads: I S D



Large number of novel deletions and insertions
identified in complete hydatidiform mole (CHM)

a
B novel deletions 4004
Previously reported deletions
Movel insertions
4,000 Previously reported insertions 3004
: :
3 3 2004
2,000
I 1004 _
|
(04 0 e
P eI 1,000 5000 10,000 15000 20,000
S & F§ «@ép@&@
Event size (bp) Event size (bp)

Chaisson et al. Nature Letters 2015



Large number of SVs only detected by long read

sequencing methods

50 bp MNA19240
60 bp 0 | Pe gz 60 bp ALL
=== M PacBio Bionano
70 bp ;‘?9.5- 70 bp M lllumina Bionano

B lilumina PacBio
M Bionano unique
B PacBio unique

100 b 100 by
4 P B lllumina unigue
] 3
i L]
c & = -
S 2 & 2
© 500 bp 500 bp 8
[} w =
a = = S
m —
@ e
1 kb 1 kb

~83% of insertions are being
missed by short-read-calling
algorithms.

3 to 7 fold more variation
detected than with just lllumina-
based methods

Chaisson et al. Nature Comm 2019



Evidence that genetic diversity affects the
antibody repertoire

Twin studies

Unrelated profiles
o
-
g o
o o 5
-]
L'l-" o
§ 1 o 8
o B3
v = 0870
g 8> o
= T r T T
0.00 .05 Q.10 015
Monozygotic twin pairs
H".r = T"‘"W"[ [
O | & T pair B
o
=
= &
& &
W ‘ -':-1 o
g 1 :-:-S{" o
ad *_"o r (win pair A) = 0989
:  (bwin pair B) = 0872
g
= T T T T
0.00 0.05 Q.10 Q.15

Functional studies

IGHV -G48 g unmutated clones. (%)

{GHVT-69 unmulaled Igh clones (%)

Kruskal-'‘Wallks test P = 0.0006

B Spearman r=0.7832, P = 0.0001

-

T ™
e

LR ~'

L
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s B o :
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O g o
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-
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H
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t L ]
¥
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y
0 1 2 3

IGHY'1-69 F-allele CM

GWAS

Seven diseases/traits
slawasaki disease

*HDOL cholesterol

*Rheumatic heart disease
*Blood protein levels
sAlzheimer's disease (late onset)
*Reaction time

sMyopia (age of diagnosis)
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Resolving the IGH locus in a higher throughput
and scalable fashion using long read sequencing

O. L. Rodriguez, W. 5. Gibson, T. Parks, M. Emery, J. Powell, M. Strahl, G. Deikus, K. Auckland, E_ E. Eichler, W_A. Marasco, R. Sebra, A. J.
Sharp, M. L. Smith, A. Bashir, C. T. Watson, A novel framework for characterizing genomic haplotype diversity in the human
immunaoglobulin heavy chain locus, Frontiers in Immunology. (2020)



Specifically targeting the IGH locus

@ Custom IGH-reference
(GRCh38 IGH locus with additional SV sequence)

i B i B IGHJ genes
lLI [ . Y T i :
o o B BEAE B @ B8 B8 8 B & GBS © SE GBS EB OO0 S B AE B 6 & B m B B BE @B B8 (TR T T B &8 - |GHDQEHE$
SV 1 SV 3 SV_2A SV 4 SV 5 SV 6 SV_2B
IGHY genes
) LB Ll ol bbb Llol) bl Ll Ll il blid Ll B Ll ) il Ll Rl Ll L) L) i) Ll Ll
A b L i Ll L L LB Bl Bl bRl Ll R L) i Ly L L |y Ty O |
) SVsin GRCh338
Target-enrichment of IGH DNA
with capture probes mmm Additional SV's
J’ Ll DNA capture probe

Rodriguer et al. Frontiers in lmm 2020



Long read sequencing of targeted DNA

IGH double stranded DNA:

o=

DA strand sequenced
multiple times

v

Subreads:

Generale consensus
sequence from subreads

v

CCS read:

Raad length (kbg)

D% %% 100%
Rad accuracy

Single Molecule, Real-Time sequencing and

—

)

IGH analysis by IGenotyper

Alignment of reads

e . —
Generate phased SNVs
¥
Gla T Tl G|
Saparate reads into their
respective haplotype

A
Haplotype 1 reads

Haplotype 2 reads

Assamble haplotypes

|
¥

Haplotype 1

Haplotype 2

SNV
CHROM POS ID REF ALT
igh 20 1 T
igh B0 . © G
igh 20 . A c
INDEL/SV
CHROM POS ID REF ALT
igh 40 . G WS>
igh 0 . ©  <DEL»
=
Alleles
Gene Alleles
VI-G8 01,15
Vi1 02
SV genotypes
SV _ID Genotype Genes
SV 3 o VE-23,V3-230¢
V323 V32D
Ve N V=68, V2 70/
VI-609, V2700, V1-69.2,
V=680, V2-70

Rodriguer et al. Frontiers in lmm

e
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Input to IGenotyper are the highly accurate
CCS/HiFireads

b

IGH double stranded DNA:

o=

DA strand sequenced
multiple times

v

Subreads:

Generale consensus
sequence from subreads

Rgad length (kbp)

D% %% 100%
Rad accuracy

)

—

Single Molecule, Real-Time sequencing and

IGH analysis by IGenotyper

Alignment of reads

Generate phased SNVs
¥

Gla T Tl
Saparate reads into their
respective haplotype
¥
Haplotype 1 reads

G|

Haplotype 2 reads

Assemble haplotypes
¥
Haplotype 1

Haplotype 2

SNV
CHROM POS ID REF ALT
igh 20 1 T
igh 50 [+ G
igh 20 . A c
INDEL/SV
CHROM POS ID REF ALT
igh 40 . G WS>
igh 0 . ©  <DEL»
=
Alleles
Gene Alleles
VI-G8 01,15
Vi1 02
SV genotypes
SV _ID Genotype Genes
5V 3 00 V3-23, V3-2300
V323 V32D
Ve N V=68, V2 70/
VI-609, V2700, V1-69.2,
V=680, V2-70
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First step in IGenotyper is to detect phased SNVs

b Single Molecule, Real-Time sequencing and
IGH analysis by IGenotyper

— i ™=
IGH double stranded DNA: i Alignment of reads i
= = | | Sl
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Input reads are aligned to the reference genome

Reference: ARG AT G
Pacbio reads: —— ey
=l -1 is i
=iy F=

- 4
T N

¥
e e
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Phased heterozygous SNVs detected using
WhatsHap

Haplotype 1 alleles: G T G A C
Haplotype 2 alleles: A G AT G
Reference: |IIIENANGE AT G
Pﬂctﬁiﬂ reads: — ey
iy Sk & -
=ty P
2 —
I — r—

Rodriguez et al. Bioinformatics 2020



Phased heterozygous SNVs are used to partition
reads into their respectlve haplotype

[Haplotype 1 alleles: G_A c|
Haplotype 2 alleles: ,u, ('; AT G
Reference: ARG AT TG
Pacbio reads: - ———
o —  ——
= -
2 —
e e
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PacBio reads with haplotype-specific bases are
partitioned into their respective haplotype

Haplotype 1 alleles: G T G A C
Haplotype 2 alleles: A G AT G
Reference: [IINANGEI AT
Pacbio reads: - ———
=iy 1: 3 e
=X ==
- L —
I — r—
Haplotype 1 reads: $ S
Haplotype 2 reads: - g 4 I
A A ; §

Ambiguous reads:

Rodriguez et al. Bioinformatics 2020



PacBio reads with haplotype-specific bases are
partitioned into their respective haplotype

P(r| b, =h) =
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IGenotyper produces haplotype-specific

assemblies

b

IGH double stranded DNA:

C =9

DA strand sequenced
multiple times

v

Subreads:

Generale consensus
sequence from subreads

v
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Single Molecule, Real-Time sequencing and

IGH analysis by IGenotyper
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Haplotype-resolved assemblies are used to
detect genetic variation

b

IGH double stranded DNA:

o=

DA strand sequenced
multiple times

v

Subreads:

Generale consensus
sequence from subreads

v
CCS read:

Rgad length (kbp)

D% %% 100%
Rad accuracy

)

—

Single Molecule, Real-Time sequencing and
IGH analysis by IGenotyper

Alignment of reads

Generate phased SNVs
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Saparate reads into their
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After assembling each haplotype, next step is to

detect indels and SVs
Reference: ARG AR TG

Haplotype 1

Haplotype 2 A G ATG

Multiple Sequence Alignment

Fef: CCCTTGICCGACTTTACACCAAGGCGAGTTATTTITARGCAGAGAGCGTCATCTA——————— TCCGARAGATAT
Hapl: CCCTTGICCGAC——————————- CCEAGTTATTTTAAGCAGAGAGCGTCATCTA——————— TCCGARAGATAT
Hap2: CCCTTIGICCGAC-——————————- GCGAGTTATTTTAAGCAGAGAGCGTCATCTALATGEAGAT COGARAGATAT

Hidden Markov Model 14 modeled states:
DELETION:
x - 1M1, 011, 1|0

hY INSERTION:
M, = 1M1, 011, 1|0
\ COMPLEX DELETIONS:
S - 1M, 011, 10

M, COMPLEX INSERTIONS:

M, - 1M1, 011, 1|0

NORMAL
| COMPLEX STATES

Rodriguez et al. Bioinformatics 2020




Genes and alleles are directly annotated from

assemblies

b Single Molecule, Real-Time sequencing and

—
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IGH locus is captured at an extremely high

coverage

a

% of IGH locus
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IGenotyper assembled 98.7% of IGH with only 37
errors producing an accuracy > 99.99%

b
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All alleles are correctly assigned
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Resolving the IGH locus in two diploid samples

Patemnal haplotype
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Resolving the IGH locus in two diploid samples
identifies several SVs
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Resolving the IGH locus in two diploid samples

identifies large SVs

m— Maternal haplotype
Patemnal haplotype
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Resolving the IGH locus in two diploid samples
identifies inter-individual haplotype variation
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Alleles from each haplotype are resolved using

the IGH assemblies
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Alleles from each haplotype are resolved using

the IGH assemblies
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Alleles from each haplotype are resolved using

the IGH assemblies

NA12878

NA19240
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Alleles from each haplotype are resolved using

the IGH assemblies

NA19240
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Alleles from each haplotype are resolved using

the IGH assemblies

NA12878

NA19240
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IGH locus is accurately resolved

TABLE 1 | Assembly statistics and evaluation of the accuracy of the haplotype-specific assemblies.

Sample Contigs (n) Assembly size (bp) Assembly validation
Concordance with Concordance with BACs Concordance with
fosmids (SMRT or fosmids (Sanger Pilon/lllumina
sequencing) sequencing)
CHM1 16 1,026,385 A 99.996% MA
NA19240 38 1,829,616 99.996% 99.99% 99.99%
MNA12878 45 1,442 310 99.995% 100.0% 90, 99%

Rodriguer et al. Frontiers in lmm 2020



IGenotyper SNVs are more accurate than short-
read data SNVs

CHM1
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IGenotyper SNVs are more accurate than short-
read data SNVs
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IGenotyper SNVs are more accurate than short-
read data SNVs
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IGenotyper SNVs are more accurate than short-
read data SNVs
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SNVs found just by IGenotyper were within
iInaccessible regions
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Coverage decreases when multiplexing samples
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Less SNVs are detected when multiplexing
samples
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However, the false positive rate stays consistent
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Output from IGeno
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Outline of presentation

3) Resolving the immunoglobulin heavy chain locus in a cohort with adaptive immune

repertoire sequencing data



Using framework on a study with a cohort of 154

individuals with Ab repertoire data
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Average long-read sequencing coverage across
cohort was 76X
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Largest improvement is observed in read quality
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A total of 20,510 SNVs were found in one or more
individuals
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SNVs are found in different gene components
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Large number of indels (966) and SVs (71) were
also identified
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8 large SVs genotyped that affect gene copy
number
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SVs affecting gene copy number were also

resolved
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SVs affecting gene copy number were also

resolved
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SVs affecting gene copy number were also

resolved
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Large number of indels (966) and SVs (71) were
also identified
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Large number of indels (966) and SVs (71) were
also identified
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Large number of indels (966) and SVs (71) were
also identified
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Large number of indels (966) and SVs (71) were
also identified
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Large number of indels (966) and SVs (71) were
also identified
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Large number of indels (966) and SVs (71) were
also identified

kbl i .
i 106,005,000 | Consensus motif sequence

106,000,000 |

(3) CTGGTGGTTC-TGAGCG-CCCC
(2) -TGGTGETTCCTGAGCACCCCC
IGHVI-3M (1) —TGGTG--TCCTGAGCGCCCCC

SV-allele-3
SV-allele-2 NI |-THE-A0E-TH] ST | H

SV-allele-1 i k
GENCODE V38 (1 items filtered out)
Simple Tgndem Bepgats by TRF

% SV-alleles
a Y sv-allele-1
o)

) B sv-aleie-2
—

= . SV-allele-3
=




Large number of indels (966) and SVs (71) were
also identified
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Large number of indels (966) and SVs (71) were
also identified
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A large number of novel alleles were identified
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Outline of presentation

4) Resolving the T-cell receptor locus using long read sequencing



Resolving the TCR loci using long-read
sequencing
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Resolving the TCR loci using long-read
sequencing
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SNPs, indels and SVs detected from the
assemblies
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Genes in TRA/D and TRB genotyped
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Outline of presentation

5) Application of framework to the immunoglobulin heavy chain locus in rhesus macaque



Added non-human functionality to IGenotyper
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Large amount SNVs present
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Conclusions

=> Using a targeted approach and long read sequencing allows the resolution of the IG
and TCR loci in humans and extendable to rhesus macaque
- Large amount of novel genetic variation in IGH was identified
€ |nitial application to two samples identified 2 novel SVs and 16 novel alleles
€ SNVs were more accurately detected compared to NGS data
-> Multiplexing allows for the application in a large cohort
=> Large cohort identified even more novel genetic variation and alleles
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DNA rearranges during the development of B
cells

V genes D genes IG heavy chain locus
| genes Cgenes
s S ———H3 tHHHH——a
ooooo
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Using Ab repertoire data we correlated gene
usage with genetic genotypes
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Large number of structural variants in IG

Table 1. CNVs Identified from BAC and Fosmid Clones
GRCh37 GRCh37
IGHV Genes Quter-5tart Outer-End Event Size
Individual Population CNV Type Included in CHV* (Breakpoint)® (Breakpolnt)® (~kbp)
CHI17 nd Insertion V1-69D, V1, V3-h, 107174927 107174941 46.6 PICTURE
V2-70D (galn)
CHI7 nd——— Complex event  V4-30-2 (gain) ¥4-31 106804332 106810878 6.5°/48.8"
T (e S " — —— ) (T SOy e i— (— — (e (— S—— —— — — —
I CH17? ngd =% Complex event  V5-a, V3-64D (gain) 106531320 106569343 g I
I V3-9, V1-8 (loss) J
"CHIZ nd  lnsetion V74l (gain) 106483362 106484225 9.5
MAL2156 CEFH Deletion V-39, V3-38 (loss) 106866357 106899042 axz?
MNAL5510 and nd and Yoruba Insertion Vi-g, V3-d, V3-43D, 106877146 106877535 61.1
MNA19240 Vd-b (gain)
MATRS55 | L1 prepsppmserranie. (Z:‘n-n'lplvok event  V3.30-5, V304, 106804332 106804333 49.2
{haplotype A) V3-30-3, V4-30-2 (gain)
MNAIBS5S Han Chinese  Deletion V4-31, V3-30 (loss) 106786254 106811213 24.9973.94
(haplotype B)
MNALBS0T7 Yormeer— Complex event®  Vi=30-4, V3-30:3 (gain) 106784242 nd 25.2
V330 (loss)
NAL1S502 Yorsbaf— Complex event® V3-30-5 (gain) V3-33, nd 106820685 24.7
Via-31 (loss)
MNALEPS6 and  Japanese and  Duplication Vi-21D (gain) 1067 16650 106727861 10.8
NA12156 CEPH
MNA19240 and  Yoruban and Insertion V7-4-1 (gain) 106433362 106484225 9.5
NALZETE CEPH

VWatson et al. AJHG 2013



Testing capture plus IGenotyper on sample from
Rheumatic heart disease GWAS study

ARTICLE

Received 15 Sep 2016 | Accepted 15 Feb 2017 | Published 11 May 2017 | DOI: 10.1038,/nce | :
Association between a common lmmunoglobulm

heavy chain allele and rheumatic heart disease risk
in Oceania

Tom Parks!, Mariana M. Mirabel2, Joseph Kado®#4, Kathryn Auckland', Jaroslaw Nowak>, Anna Rautanen’,
Alexander ). Mentzer!, Eloi Marijnnz'é, Xavier Jﬂuvenz'f’, Mai Ling Perman?, Tuliana Cua’, John K. Kauwes,
John B. Allen®, Henry Taylor®, Kathryn J. Robson'®, Charlotte M. Deane®, Andrew C. Steer"12* Adrian V.S. Hill'*

& for the Pacific Islands Rheumatic Heart Disease Genetics Network!



GWAS SNVs were a combination of array, short-
read data and imputed SNVs

(A)
Directly Genotyped SNPs

. Subject 1 CARXAT AR
C G A
CATG

hject 2
Stjec GXCXXTXA
g CA GG
Subject 3 GCXOXXEXA



GWAS SNVs were a combination of array, short-
read data and imputed SNVs

(A) g
Reference Panel
Directly Genotyped SNPs

‘ SUbiEEtl LA AT A CGAACTAA
CXAXGXA CGAACGAA
] C A TG CGAACTAG

t2
Sanjec GXCXXTXA GACGTTAA
. CXAXXGYG CGAACGAG
Subject3 Ly CXGXA GACGTGTA



GWAS SNVs were a combination of array, short-
read data and imputed SNVs

() (B)
Reference Panel
Directly Genotyped SNPs

Subject 1 CxAXT XA CGAACTAA
CA GA CGAACGAA

) CxAOT G CGAACTAG
Subject2 o exxTxA GACGTTAA

bi CA GG CGAACGAG
Subjectd o exxGxA GACGTGTA

(<)

Impute Missing Genotypes

: CGAACTAA
Subject1 CGAACG
: CGAACTAG
Subject 2
e GACGTTAA

% CGAACGAG
R GACGTGTA Woodet al. PbS2013



Reducing imputation threshold to allow more
imputed SNVs increased number of FP SNV

a

Imputation only 1Genatypar only IGanaotypar &
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Reducing imputation threshold to allow more
imputed SNVs increased number of FP SNV
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Reducing imputation threshold to allow more
imputed SNVs increased number of FP SNV
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Reducing imputation threshold to allow more
imputed SNVs increased number of FP SNV
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Large amount of hemizygous genotypes
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Hemizygous SNV example
Ref ATCGGGCTAAATAT
H1 ATCCGGCTAAATAT
H2  AT--------- TAT

Common SNVs
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Large amount of hemizygous genotypes

Fraction of hemizygotes
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Variants associated with gene usage contained
different alleles across genotype groups
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SNVs genotyped in samples with lower locus-
wide coverage
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Almost all SNVs were supported by CCS reads

Assembly SNVs HiFi SNVs called
called by by BLASR +
|Genotyper WhatsHap
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SVs present in IGK
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