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Introduction to adaptive immune
repertoire sequencing
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Curriculum Vitae

Speaker Name: Daechan Park, Ph.D.

» Personal Info

Name Daechan Park
Title Associate Professor
Affiliation Ajou University

» Contact Information
Address 206 Worldcup-ro, Yeongtong-gu, Suwon 16499, Korea

Email dpark@ajou.ac.kr

Phone Number +82-31-219-2514

Research Interest
bioinformatics, immune repertoire, epigenomics, synthetic biology

Educational Experience
2014 Ph.D. in Genomics, The University of Texas at Austin, Austin, TX, USA
2008 B.S. in Biological Sciences, Seoul National University, Seoul, Korea

Professional Experience

2018-present Assistant / Associate Professor, Ajou University

2016-2018 Senior Research Scientist, Korea Institute of Science and Technology
2014-2016 Postdoctoral Fellow, The University of Texas at Austin, Austin, TX, USA

Selected Publications (5 maximum)

1.

Jae Yun Moon, Jina Seo, Jaewoo Lee’, and Daechan Park”, Assessment of attenuation of
varicella-zoster virus vaccines based on genomic comparison (2023) Journal of Medical
Virology 95(3), €28590 *co-corresponding (IF=12.7)

. Do Young Hyeon* Dowoon Nam* Youngmin Han* Duk Ki Kim* Gibeom Kim* Daeun Kim?*,

Jingi Bae Seunghoon Back, Dong-Gi Mun, Inamul Hasan Madar, Hangyeore Lee, Su-Jin Kim,
Hokeun Kim, Sangyeop Hyun, Chang Rok Kim, Juhee Jeong, Suwan Jeon, Yeon Woong Choo,
Kyung Bun Lee, Wooil Kwon, Seunghyuk Choi, Taewan Goo, Taesung Park, Young Ah Suh,
Hongbeom Kim, Ja-Lok Ku, Min-Sik Kim, Eunok Paek, Daechan Park’, Keehoon Jung®, Sung
Hee Baek”, Jin-Young Jang®, Daehee Hwang® and Sang-Won Lee*, Proteogenomic landscape of
human pancreatic ductal adenocarcinoma in an Asian population reveals tumor cell-enriched
and immune-rich subtypes (2023) Nature Cancer 4(2):290-307. *co-corresponding (IF=22.7)

. Se Won Park*, Jaehoon Kim* Sungryong Oh* Jeongyoon Lee, Joowon Cha, Hyun Sik Lee,

Keun Il Kim, Daechan Park” and Sung Hee Baek’, PHF20 is crucial for epigenetic control of
starvation-induced autophagy through enhancer activation (2022) Nucleic Acids Research
50(14):7856-7872. #co—corresponding (IF=14.9)

. Chuna Kim* Sanghyun Sung* Jong-Seo Kim* Hyunji Lee, Yoonseok Jung, Sanghee Shin,

Eunkyeong Kim, Jenny J. Seo, Jun Kim, Daeun Kim, Hiroyuki Niida, Narry V. Kim, Daechan
Park’ and Junho Lee’, Telomeres reforged with non-telomeric sequences in mouse embryonic
stem cells (2021) Nature Communications 12(1):1097. *co-corresponding (IF=16.6)

. Sungryong Oh* Kyungjin Boo* Jaebeom Kim, Seon Ah Baek, Yoon Jeon, Junghyun You, Ho

Lee, Hee-Jung Choi, Daechan Park’, Ji Min Lee’ and Sung Hee Baek”, The chromatin-binding
protein PHF6 functions as an E3 ubiquitin ligase of H2BK120 via H2BK12Ac recognition for
activation of trophectodermal genes (2020) Nucleic Acids Research 48(16):9037-9052.
*co-corresponding (IF=14.9)
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A pool of Adaptive Immune Receptor is a Repertoire

Adaptive Immune Receptor Repertoire
Community recommendations for sharing
Immune-repertoire sequencing data

Florian Rubelt2!, Christian E Busse>?!, Syed Ahmad Chan Bukhari®?!, Jean-Philippe Biirckert?,

Encarnita Mariotti-Ferrandiz®, Lindsay G Cowell®, Corey T Watson’, Nishanth Marthandan®, William J Faison®,

Uri Hershberg!®, Uri Laserson'!, Brian D Corrie!'®!3, Mark M Davis’!%, Bjoern Peters'®, Marie-Paule Lefranc'®,
Jamie K Scott®!17, Felix Breden'>!?, The AIRR Community'®, Eline T Luning Prak'®?? & Steven H Kleinstein®2%2

High-throughput sequencing of B and T cell receptors is routinely being applied in studies of adaptive immunity. The
Adaptive Immune Receptor Repertoire (AIRR) Community was formed in 2015 to address issues in AIRR sequencing
studies, including the development of reporting standards for the sharing of data sets.

VOLUME 18 NUMBER 12 DECEMBER 2017 NATURE IMMUNOLOGY

B cell receptor (BCR) and T cell receptor (TCR) are
extremely diverse and personalized due to clonal evolution

3 oy

Vaccine <7 )/
Antibody Protein Repertoire

'\'OC(:"' l Ansnsb':t;"(es \\
, \1 =
4

B cell Sequence Repertoire

By individuals By disease

« MHC + Cancer

* Genotype * Infectious disease

+ Age * Autoimmune disease
* Race

Lavinder et al., (2015) Current Opinion in Chemical Biology
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B cell receptor (BCR) and T cell receptor (TCR) are
extremely diverse

TCR

recombination

transcription

splicing
translation
protein a
(T-cell receptor) B
translation
splicing

transcription

VpiDgiJg  Cp1

rearranged DNA

recombination

Vgn Jg Cpa
[aermine oA -
Figure 4-10 Immunobiclogy, 7ed.(C Garland Science 2008) Figure 42 Immunobiology, 7ed. [© Garland Science 2008)
~10'8 receptors ~10 receptors

Complementarity-determining regions (CDRs)

VH-VL domain: Binding to antigen

Constant (Fc) region

Georgiou et al., (2014) Nature Biotechnology




Antibody transcripts are highly diverse

Germline
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B cell Receptor sequencing (BCR-seq)

Multiplex V gene primers Constant region primers
V,-D.-J . .
ARy Antibody V region N Ji <
[ | [ |
2 1 [ [ I B
L
Leader FR1 FR2 FR3 FR4

CDR-H1 CDR-H2 CDR-H3
N-Dy-N

Amplification of V region of antibody mRNA

|

Next Generation Sequencing
MiSeq 2X300 Platform

B cell Receptor sequencing (BCR-seq)

Multiplex V gene primers Constant region primers
VirDyrdy > Antibody V region i
| | [
i 1 I I | | 23
I
Leader FR1 FR2 FR3 FR4
CDR-H1 CDR-H2 CDR-H3

Important points

« CloneTE HO| 2= BCR-seq2 T2 amplicon 2 2 A| &4 ot}

+ PCR=2 & MY forward primer= 3Z multiplexing primer7} A2 I,
+ Vregion= C| coverSt2{ ™ NGS read Z 0|7t Z O{Of BFLC},

* Error rate &2 NGS platform= AF-ESHOF OFC} .




BCR-seq is erroneous

IMMUNOLOGY

Accurate and predictive antibody
repertoire profiling by molecular
amplification fingerprinting

Tarik A. Khan,' Simon Friedensohn," Arthur R. Gorter de Vries,' Jakub Straszewski,'?

Hans-Joachim Ruscheweyh,'*? Sai T. Reddy'*

Multiplex V gene primers Constantregion primers

0° VirDrdu »  AntibodyV regi

@ o° | ntibody V region .N ‘ R
L ]

Gg’, 10 oo o%ooq’o g S50 g - I . o
= CPO ® @maoT g
5 10 o ogﬁ o o Leader FR1 FR2 FR3 FR4
Q @ we ©° CDR-H1 CDR-H2 CDR-H3
o %&J ngo o
° Unique Molecular IdentifierE AtE6t2H
g 10 SHE (2P e+ US
o

10“ T L} L] L} 1

0 20 40 60 80

Number of unique primers per V-gene

Khan et al., (2016) Science Advances

Single cell RNA-seq2 UMIZ AtE S&EO| X2 OIS

Unique Captured droplet

molecular
_———_ /identifier After reverse transcription
7 “(UMI)
=l X

) | \cooece Cc.@ @
‘{%;ﬁ 467' T v>,\ : Bead specific

barcode
Bead

speciﬂg,/ Poly dT P
‘barcode  sequence

UMIs oligo-dT  cDNA

e ™ ™

Poly(A) tail of mMRNA

=eece]

/N Partitioning oil
Barcoded ) O,
beads £ A\

) .‘; Dissociated cells
® ." / from skin tissues

UMI counts represent gene expression levels




Error correction for detection of true diversity

(A) Correction PCR and Sequencing Errors

Sequencing Data

Primer + UMI .|
mRNA1  Fe— —_— Error and Bias
Correction
— [ ——— ——— . =
MRNA2  —
o _—
MRNAZ | e
PCR De-multiplexin
’ — s —i g_
MRNAS Sequencing
EEEESSS—— -
mRNAS  F——— S ==m [
= [ R — I
MRNAG —
E———— ——
MRNA7 s IS

(B) Clustering after Assembly of Paired-end Reads

Read1 / 4 I

+ 0 17— 37— Clone 1
Read2 ’ Clustering
’ 5 — — 6 e clone2
’

P ————]
‘ / 3 2 L clones

’ —_—

7 1

Merged full length sequence

Germinal Center (GC) Reaction

1° repertoire process of evolution 2° repertoire

Germinal Center = 3 /\rﬂ
= = Selection/ ﬁ( Long-lived humoral
Somatic I Class Switching immunity

hypermutation

._.

Differentiation I

|l‘|’|l’|’|l.l nosecrefory

Plasma cell disorders
. (MGUS}

—->

Plasmahla,st
- M CLL {mulmed)
“V Ma(uarzellwllawe “V (ABC.DLBCL) f ._
FL zone
ALL CLL (unmurated) (GC-DLBCL)
(McL)

Memory
B cell

- @

Recall responses to
vaccination or recurrent
infections

Pre-clonal selection Post-clonal selection

ALL = Acute Lymphoblastic Leukemia
CLL = Chronic Lymphocytic Leukemia

FL = Follicular Lymphoma

DLBCL = Diffuse Large B Cell Lymphoma

MM = Multiple Myeloma Georgiou et al., Nature Biotechnology




Neighbor joining algorithm to define clones

Clone
Head i TATTCTGAAGCTCATCTAGGAATCC
Count: 1076

/\.

15t L Clone Clone
ayer - | TATTCTGAAGCTCATCTAGGAATCC TATTCTGAAGCTCATCTAGGAATCC
Count: 102 Count: 1073
Clone Clone
Z"dLayer""m"""""- TATTCTGAAGCTCATCTAGGAATCC TATTCTGAAGCTCATCTAGGAATCC
Count: 1071 Count: 1071

I

AIRRETE st A HMZ2

BCR-seq LIl O| E| &AM 0j| A umiS| A2 1} DNA A{E
clustering 0| 2 &

* proteomics + BCR-seq =& &A1
 Heavy / light chain 2 SA|0]| A|#d S}7]

| * Short read 2 assemblyS}7|




Ig-seq is proteomics analysis of immunoglobulin

VH-VL domain: Binding to antigen

Constant (Fc) region

Georgiou et al., (2014) Nature Biotechnology

Application of BCR-seq and Ig-seq

Vaccination or Antigen Ag-specific  LC-MS/MS of
Infection Ig column Ig tryptic Ig peptides
NN nm:""‘"‘,
\Wr/ \](/ *]r/ —> rr. ,..J
Blood or N —> - Y v
. N j(/
secretions Y \'4 | |I
) \Y4
s Ty
> ¥ A
Compare V-gene
% ) g, ~ sequence database
- ’fn‘fﬂ T and Ig peptide mass
: ‘cgf[‘ > spectra
% K i 8
PBMCs CD20 —>
Sort B-cell Sequencing
subsets Ig repertoire

Georgiou et al., (2014) Nature Biotechnology

- 10 -




Serological Antibodies Identification by CDR3 sequences
in LC-MS/MS

GGSSSFDSWGQGTLVTVSSASTK
DWTYDNSDTNLDYWGQGTLVTVSSASTK
TSQPDFQHWGQGTLVTVSSASTK

N

MS/MS spectra

FR1 FR2 FR3
Assembled Antibody Transcript

-
-

I

. AIRRETE st A HMZ2

BCR-seq CI| O] E{ A0 M umi2| AL 1t DNA A E
clustering 0| 2 &

* proteomics + BCR-seq S &=

* Heavy/ light chain 2 SA|0| A|H 4 57|

* Short read 2 assemblyS}7|
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Difficulties with antibody sequencing

Heavy chain RNA

One B cell Y ’\/\/\/\
expresses X . .«A @vz})ught chain RNA
one . NN

antibody .\/

VDJ H—+—-—---

recombination

Heavy chain

and Light \
chain are

paired at

protein level

Diversity- ,—)Lﬁ —— f—i_? \ rl / \ Protein

RIS ® Heavy Chain \ l\

K \
/ ....... - Light Chain

Pairing sequencing technology

a b C

Emulsified cells are lysed Beads are purified and

Beviceschenatio and mRNA captured onto beads emulsified with RT-PCR solution

Aqueous
syringe pump

QOil

DeKosky et al., (2015) Nature Medicine
McDaniel et al., (2016) Nature Protocols
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rE

. AIRR ® TS 9|3t QA A

* BCR-seq Cl|O|E{ A0l M umi2| A} 1} DNA ME
clustering 0| 2%

« proteomics + BCR-seq S & 24

 Heavy / light chain & SA|0| A| &4 57|

« Short read 2 assemblyS}7|

Tumor

Heterogeneity
v Microenvironment

%
\1 We sequence everything
]
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Reconstruction of Antibody from mRNA-seq

B Vsgene
[ Dgene
[ ] J gene

. Cgene

‘ Mapping onto IMGT DB

o B T2 e

— - -

e MIXCR
e TRUST
Assembly of Reads
(de Bruijn graph)
CDR3 Clonotyping
: : o IgM
— - 166
- 0 I ® lgA

. Choice for TIL repertoire: mRNA-seq and BCR-seq

mRNA-seq BCR-seq
. Antibody
Transcriptome Transcripts
2
=3 Gene Expression . .
g Profile Antibody Repertoire
a5
£
§ Mostly, short reads Mostly, MiSeq
® 2X100~150 2X300
%
(72]
-§' ] de novo
2 § Assembly after
€T correction
<3
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Bioinformatics Pipeline for BCR-seq

= ees] (D) assignment / \
Sequencing Personalized genotype
Metadata

De-multiplexing

V(D)J gene usage

Clonal dynamics

Diversity estimation

Clonal grouping

Quality Control Lineage tree construction SHM statistics

Diversity \ /

Mutability and
substitution models

Quantification of

selection j ..........

Assembly of
paired-read
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Examples of BCR-seq downstream analysis

(A) Quantification of Somatic
Hyper Mutation

o

Frequency

CDR1 CDR2 CDR3

IgBlast, MIXCR, IMGT, SHazaM

(D) Statistics and Distribution

Distribution of BCR Clones

Frequency

50000 100000 150000 200000

)

1 @ 50

Rank of Clone by Frequency

CDR3 length/charge, V gene usage

(B) Pairwise Overlap Analysis

Jaccard similarity Index.

- e
004 008 Gon 001 Donor 1

Jaccard index, Morisita Horn index

(E) Ecological Diversity

WtEdn
P :5'}_;; .{},%j-".

Low polarity High polarity
High evenness Low evenness
High entropy Low entropy

Shannon Index, Simpson Index

(C) Lineage Construction
E

PHYLIP, Alakazam, IgTree

(F) Dimension Reduction

® Celltype 1
. ® Cell iype 2
" ® Celiyped
o8 7| » Celtyped
i} T ® Celitype §
054 = ® Celltype 6

PC-3(11%)

ir
¥

po-2(23%)° ¢ PCA(44%)

PCA, tSNE

AIRR S At U 2 0f A
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2011-2012 TIV Vaccination

- %P
o l

I | | /] |
0 7 28 [[ 180 day>
I
Day 7 Days 0, 28 & 180
B-cells serum antibodies

Lhy
Y

W

Vy:V -paired
transcripts transcrlpts

r%%%ﬂ %)

Example of Imnmunoproteogenomics: Flu Repertoire

Recombinant
expression of
serum antibodies

e

mAb characterization

/AN
g9

invivo  Structural

in vitro
properties neutralization protection analysis

Biochemical

Georgiou and colleagues (2016) Nature Medicine

Application of BCR-seq and Ig-seq

Vaccination or
Infection

Blood or

'

secretions W(

T
Antigen Ag-specific  LC-MS/MS of
Ig column Ig tryptic Ig peptides
\W(/ ﬁ( —> NN A,M.j‘“"‘,
\Y4 rre
Y\wrf hE Rugd y
N b
Ty | )

CD20 —>»
Sort B-cell
subsets

YA

Compare V-gene
sequence database
and Ig peptide mass

spectra

Sequencing
Ig repertoire

Georgiou et al., (2014) Nature Biotechnology
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Delineation of the serological repertoire

204

Pre-existing

Vaccine-elicited

154

104

Fraction of
serological rep. (%)

‘”hllln..,..

I TTTTTTrn

Relative

amount (%)

H1
A/CA09

Day 0
Day 28

Day 180

H3

Day 0
Day 28

A/VIO9 Day 180

Vic
B/BR0O8

Day 0
Day 28
Day 180

IgG clonotype

>32 16-32 8-16 4-8 2-4 1-2 05-1 0-05 0
=
Pre-existing Vaccine-elicited
|
I |
1
Pre-existing Vaccine-elicited
Il
Pre-existing Vaccine-elicited

ﬁ

Georgiou and colleagues (2016) Nature Medicine

Delineation of the serological repertoire

Fraction of pre-existing Abs

in serological rep. (%)

100

80

60

40 !

20

Of i
S AW
® A
g
61.2% 65.4%

Serum titer (EC5g)

1
100 150

# of clonotypes

Serum ftiter at day 0 (EC s0)

256
128
64
32
<
16 T T T T 1
20 40 60 80 100

Freq. of vaccine-elicited Abs
in serological rep. at day 28 (%)

Donor 1
Donor 2
Donor 3
Donor 4

¢ > O o
¢ > m e
¢ > @ o

Georgiou and colleagues (2016) Nature Medicine
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Naive Antigen experienced :

..IIIIIIIIIIIIIIIIIIIIIII’

VH:VL Pairing Experiments

IIIIIIII‘

70 ml Blood Draw

‘IIIIIIII..

BCR pairing sequencing l

< Unique Antibody Sequences >

Donor CD3" CD19* CD20* CD27" Naive CD3" CD19* CD20* CD27* Ag-Exp
1 13,780 34,692

2 26,372 89,249

3 15,203 NA
Total 55,355 123,941

2] 27 m182

1.8 1.8
[
5 16+ 16 4 16-18
14 144 W1.4-16
& 124 121 1.2-14
Loy 11 CRE
o«
O 081 0.8 1 o5
E 0.6 0.6-‘
o 04 0608
O 04 ¥ | HV5-51
I o2 N 02 Vaoe M 0.4-06
& 0 0+ HV3-49 W02-04

? HV3-15
M 0-0.2

2

3252

Naive Donor 1

DeKosky*, Oana*, Park et al., (2016) PNAS

—log1o(p—value)

Identification of differentially paired VH:VL genes

¢ I EEEEEEEEEEEEEENEEEEEEEENEy

‘IIIIIIII..
<
»
IIIIIIII’

Differentially Paired Genes Naive  Antigen experienced -

’.IIIIIIIIIIIIIIIIIIIIIII’

o V33KVIB
o HV6-1:KV1-33
HV4-34:KV1-8 o HV3-74::KV4-1
< | Hvi-60:KVi-8,, ® HVI-18.KV1-8 e T
2 e A\ HV3-15::KV2-28 @ HV3-7:KV4-1
HV4-59::KV1-8 g HV6-1:LV1-40 ® L\/3-74:1V1-51
HV1-24:1V2-14" g HV1-58:KV1-33 2
HV5-51:KV1-8 ¢ gHVA-34:1V3-1 @ HV1-3:KV4-1
™ —| HV1-58:KV1-39% < % HV1-58:LV3~1 °
HV6-1::LV3-1 RN HV1-69::LV31 HV4-61:KV3-20
HV3-30:KV1-8 / ‘ HV1-46::KV1-33
HV3-21:KV1-8
N HV2-26::KV1-33
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Example of Imnmunoproteogenomics: Flu Repertoire
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Multiplex V gene primers

Constantregion primers

2X250 or 2x300 technology. Forward primers targeted the antibody Framework | regions (3): reverse Antibody V region N Jy L=
[ 1 I
primers targered the Tgh/Tgx/Igh consiam region for CD27° NBCs, and IgMIgGTzATgw/Igh reverse :E'—’I T Tl T T | = | B
primers were used for CD27" AEBCs. Full length VH and VL genes were generated for anfigen. Leader FR1 FR2 FR3 FR4
experienced repertoires via bioinformatic assembly of three Illumina sequencing samples (VH:VL, VH CDR-H1 CDR-H2 CDR-H3
only, and VL only) as described previously (2-4). The following barcoded primers were used for VH-
cnly amplification and sequencing (barcodes are italicized). Donor 1 Replicate 1 5°-NNNN TGAAGG
GGCTAGCTATTCCCATCGOGG-3". Donor 1 Replicate 2 FNNNN CGOGTC
GGCTAGCTATTCCCATCGOGG-3". Donor 2 Replicate 1 STNNNN TAAGAA
GGCTAGCTATICCCATCGOGG-3'. Donor 2 Replicare 2 ST-NNWN AGCGAG
GGCTAGCTATTCCCATCGOGG-3' The following barcoded primers were used for VL-only
amplification and sequencing (barcodes are italicized): Donor | Replicare 1 3'.-NNNN TGAAGG
GCGCCGOGATGGGAAT-3", Donor 1 Replicate 2 5-NNNN CGCGTC GUGCCGUGATGGGAAT-3",
Donor 2 Replicate 1 5°-NNNN T44Gdd GOCGCCGCGATGGGAAT-3", Donor 2 Replicate 2 5°-NNNN
AGOGAG GCGUCGCGATGGGAAT-3",
R=AorG
Primer Sequence (enter letters only, 5' to 3')
hVH1 tattcccatcgcggcgc CAGGTCCAGCTKGTRCAGTCTGG
hVH157 tattcccatcgcggcgc CAGGTGCAGCTGGTGSARTCTGG
hVH2 tattcccatcgcggcgc CAGRTCACCTTGAAGGAGTCTG
hVH3 tattcccatcgcggcgc GAGGTGCAGCTGKTGGAGWCY
hVH4 tattcccatcgcggecgc CAGGTGCAGCTGCAGGAGTCSG
hVH6 tattcccatcgcggcgc CAGGTACAGCTGCAGCAGTCA
hVH3N tattcccatcgcggcgc TCAACACAACGGTTCCCAGTTA
hlgG_MiSqRev1_4N GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG NNNN ATGGGCCCTG SGATGGGCCCTTGGTGGARGC
higM_MiSqRev1 4N GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG NNNN ATGGGCCCTG GGTTGGGGCGGATGCACTCC
higA_MiSqRev1_4N GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG NNNN ATGGGCCCTG CTTGGGGCTGGTCGGGGATG
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