bloodTyper: Blood Group Genotyping

from SNP Arrays to Whole Genomes
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Talk Outline

* Blood Group Typing Challenges
 Whole Genome Sequence Based Typing

« High Density Array Based Typing



Importance of Blood Typing

* 112 million units of blood
worldwide /year

e Cancer, trauma, pregnancy,
sickle cell disease, and stem
cell transplant patients

3-30% will form
anti-red blood
cell antibody
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300 more blood group antigens
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Current Typing Methods

Al; M+N+, U+, Vr-, Mt(a-), Ri(a-), Ny(a-), Or-, ERIK-, Os(a-),
Dwumm m@mﬁ) ENEP+, ENEH+, ENAV+, ENEV+, MNTD-; S+s+, He—, M(v-),
E WRDTW s(D-), Mit—; P1+/P1-, pk+, NOR~-; D+, Tar-; C-c+E+e—, CW~-,
SNP Typlng ($9%) CX-, EW-, V-, VS—, Rh26+LOCR- Be -, Crawford-CELO+,
JAL-CEST+, STEM-, JAHK-; Lu(a—b+), LURC+, Lu4+, Lu5+,
Lu6+, Lu7+, Lu8+, Lul3+, Lul6+, Lul7+, Au(a+b-), Lu20+,
Lu21+; K-k+, Kp(a—b+c-); Js(a—b+), Ul(a-), K11+, K12+, K13+,
K14+, K18+, K19+, K22+, K23—-, VLAN-VONG-, TOU+, RAZ+,
KALT+, KTIM+, KYO-, KUCI+, KANT+, KASH+, KELP+, KETI+,
KHUL+; Le(a+b-); Fy(a+b+); Jk(a+b+); Di(a—b+), Wr(a—b+),
Wd(a-), Rb(a-), WARR-, ELO-, Bp(a-), Mo(a-), Hg(a-),
Vg(a-), Sw(a-), BOW-, NFLD-, Jn(a-), KREP-, Tr(a-), Fr(a-),
SW1-, Wu-DISK+; Yt(a+b-); Sc1+Sc2-, Rd—, STAR+, SCER*+,
SCAN+; Do(a+b+), Jo(a+), DOYA+, Hy+, DOMR+, DOLGH+;
Co(a+b-), Cod+; LW(a+b-); Chl+, Ch2+, Ch3+, Ch4+, Ch5+,
Ch6+, Rg1-, Rg2-; Ch1-, Ch2-, Ch3-, Ch4-, Ch5-, Ch6-,

Rgl+, Rg2+; H+; Kx+; Es(at+), Wb—, An(a-), Dh(a-), GEIS-,
Anti bo%%%a%ellt E+ GELP+, GEAT+, GETI+; Cr(a+), Tc(a+b-c—), Dr(a+), Es(a+),
WES(a-b+), UMC+, GUTI+, SERF+, ZENA+, CROV+, CRAM+,
GAAATGG — S+ CROZ+; Kn(a+b-), McC(a+b-), Sla+Vil-, Yk(a+), SI3+,

KCAM+/KCAM-; In(a—b+), INFI+, INJA+; Ok(a+), OKGV+,
OKVM+; MER2+; JMHK+, JMHL+, JMHG+, IMHM+, IMHQ+; I+;
P+; GIL+; Duclos+, Ol(a-), DSLK+, RHAG4-; FORS+; Jra+;
Lan+; Vel+; At(a+)



Whole Genome Sequence (WGS) Based Typing

' image Courtesy of Illumina
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Al; M+N+, U+, Vr—, Mt(a-), Ri(a-), Ny(a-), Or-, ERIK-, Os(a-),
ENEP+, ENEH+, ENAV+, ENEV+, MNTD-; S+s+, He—, M(v-),
s(D-), Mit-; P1+/P1-, pk+, NOR-; D+, Tar—; C-c+E+e—, CW-,
CX-, EW-, V-, VS-, Rh26+LOCR- Be -, Crawford—CELO+,
JAL-CEST+, STEM-, JAHK-; Lu(a-b+), LURC+, Lu4+, Lu5+,
Lu6+, Lu7+, Lu8+, Lul3+, Lul6+, Lul7+, Au(a+b-), Lu20+,
Lu21+; K-k+, Kp(a—-b+c-); Js(a-b+), Ul(a-), K11+, K12+, K13+,
K14+, K18+, K19+, K22+, K23—-, VLAN-VONG-, TOU+, RAZ+,
KALT+, KTIM+, KYO-, KUCI+, KANT+, KASH+, KELP+, KETI+,
KHUL+; Le(at+b-); Fy(atb+); Jk(a+b+); Di(a—b+), Wr(a—b+),
Wd(a-), Rb(a-), WARR-, ELO-, Bp(a-), Mo(a-), Hg(a-),
Vg(a-), Sw(a-), BOW-, NFLD-, Jn(a-), KREP-, Tr(a-), Fr(a-),
SW1-, Wu-DISK+; Yt(a+b-); Sc1+Sc2—-, Rd—, STAR+, SCER+,
SCAN+; Do(a+b+), Jo(at+), DOYA+, Hy+, DOMR+, DOLG+;
Co(at+b-), Cod+; LW(at+b-); Ch1+, Ch2+, Ch3+, Ch4+, Ch5+,
Ch6+, Rg1-, Rg2-; Ch1-, Ch2-, Ch3-, Ch4-, Ch5—-, Ch6—,
Rgl+, Rg2+; H+; Kx+; Es(a+), Wb—, An(a-), Dh(a-), GEIS-,
GELP+, GEAT+, GETI+; Cr(at), Tc(a+b—c-), Dr(a+), Es(at),
WES(a-b+), UMC+, GUTI+, SERF+, ZENA+, CROV+, CRAM+,
CROZ+; Kn(a+b-), McC(a+b-), Sla+Vil-, Yk(a+), SI3+,
KCAM+/KCAM-; In(a—b+), INFI+, INJA+; Ok(a+), OKGV+,
OKVM+; MER2+; IMHK+, JMHL+, JMHG+, IMHM+, JMHQ+; I+;
P+; GIL+; Duclos+, Ol(a—), DSLK+, RHAG4~-; FORS+; Jra+;
Lan+; Vel+; At(a+)



FUTT: active, FUT2: inactive, FUT3: , FUT6: active, FUT7: active, SLC35C1: active, ABO: active A1,
B3GALNTT: active, GCNTZ2: active, GBGTT: inactive, KLFT: active, GATAT: active

_ First individual to ever

002 MNS (GYPA): , Vr-, Mt(a-), Ri(a-), Ny(a-), Or—, ERIK—, Os(a-), ENEP+, ENEH+, ENAV+, ENEV+, MNTD- b d

002 MNS (GYPB): S+s+, He—, M(v-), s(D-), Mit- h ave al I IOO g ro u p

003 P1PK (A4GALT): P1+pk+NOR—/P1-pk+NOR t t .

004 Rh (RHD): D+, Tar— } , g d d

008 B (RHD): D Tar— ), 1, g antigens determine
cW-, c*-, EW-, V-, VS—, Rh26+LOCR- Be &, Crawford—CELO+, JAL-CEST+, STEM-, JAHK-

005 Lutheran (LU): LURC+, Lu(a-b+), Lud+, LuS+, Lu+, Lu7+, LuB+, Lu13+, Lu16+, Lul7+, Au(a+b-), Lu20+, Lu21+

005 Lutheran (LL): LURCH, Luta-be), Lubt, LS+, Lubs, LT, LU Luts, LutEn LUTT Aufesb) L Manual interpretation of

VLAN-VONG-, TOU+, RAZ+, KALT+, KTIM+, KYO-, KUCI+, KANT+, KASH+, KELP+, KETI+, KHUL+

007 Lowis:Lo(: ) WGS variant calling files

008 Duffy (DARC): Fy(a+b+)
009 Kidd (SLC14A1): Jk(z+b+)
010 Diego (SLC4A1): Di(a-b+), Wr(a-b+), Wd(a-), Rb(a-), WARR-, ELO-, Bp(a-), Mo(a-), Hg(a-), Vg(a-),

Sw(a-), BOW-, NFLD-, Jn(a-), KREP-, Tr(a-), Fr(a-), SW1-, Wu-DISK+ Too k 4 mo nth S
011 Yt (ACHE): Yt(a+b-)
013 Scianna (ERMAP): Sc1+Sc2-, Rd-, STAR+, SCER+, SCAN+

014 Dombrock (ART4): Jo(a+), DOYA+, Do(a+b+), Hy+, DOMR+, DOLG+ . . ..
015 Colton (AQP1): Co(a+b-), Cod+ Comprehensive red blood cell and platelet antigen prediction
016 Landsteiner-Wiener (ICAM4): LW (a+b-) from whole P f of inciol
017 Chido/Rodgers (C4B): Ch1+, Ch2+, Ch3+, Chd+, Ch5+, Ché+, Rgl-, Rg2- genome sequencing: proor or principie
017 Chido/Rodgers (C4A): Ch1-, Ch2-, Ch3-, Ch4-, Ch5-, Ché-, Rg1+, Rg2+
018 H: H+
019 Kx (XK): Kx+ William J. Lane,"? Connie M. Westhoff;® Jon Michael Uy," Maria Aguad,’
020 Gerbich (CYPC): Ge2+, Ge3+, Ged+, Es(a+), Wb—, An(a-), Dh(a-), GEIS-, GELP+, GEAT+, GETI+ Robin Smeland-Wagman,' Richard M. Kaufman,' Heidi L. Rehm,"**> Robert C. Green,>>° and
021 Cromer (CD55): Cr(a+), Te(a+b—c-), Dr(a+), Es(a+), WES(a-b+), UMC+, GUTI+, SERF+, ZENA+, CROV+, Leslie E. Silberstein’ for the MedSeq Project*
CRAM+, CROZ+
022 Knops (CRT1): Kn(a+b-), McC(a+b-), Sla+Vil-, Yk(a+), SI3+, KCAM+/KCAM-
023 Indian (CD44): In(a—b+), INFI+, INJA+ Transfusion. 2016 Mar;56(3):743-54
024 Ok (BSG): Ok(a+), OKGV+, OKVM+

025 Raph (CD151): MER2+

026 John Milton Hagen (SEMA7A): JMHK+, JMHL+, JIMHG+, JMHM+, JMHQ+
027 1: I+

028 Globoside: P+

029 Gill (AQP3): GIL+

030 Rh-associated glycoprotein (RHAG): Duclos+, Ol(a-), DSLK+, RHAG4-

031 FORS: FORS1- Serologic RBC Antigen Confirmation

032 Jr (ABCG2): J
033 Lo (aBcey: cans [ATB]D]C[c[E[e][K][Kk[FyalFyb|Jkaldkb| M [N [ [s

034 Vel (SMIMT): Vel+ + |-+ | = |+ |+ | ==+ |+ |+ |+ |+ |+]|+]+]|+




001 ABO ABO:A

002 MNS GYPA:M+N+; Vr-; Mt(a-); Ri(a-); Ny(a-); Or-; ERIK-; Os(a-); ENEP+; ENEH+; ENAV+; ENEV+; MNTD-

002 MNS GYPB:S+s+; He—; M(v-); s(D-); Mit—; U+

002 MNS GYPE:

003 P1PK A4GALT:P1+p(k)+NOR-

004 RH RHD:D+; Tar-

004 RH RHCE:E+e—; C-c+; c—; X EW-; vs—; ; Be®—; JAL-CEST+; STEM—; JAHK—; CEAG+; V-

005 LU LU:LURC+; Lu(a—b+); Lud+; Lu5+; LuB+; Lu7+; LuB+; Lu13+; Lu16+; Lu17+; Au(a+b-); Lu20+; Lu21+

005 LU KLF1:

005 LU GATAT: _

006 KEL KEL:K—k+; Kp(a—b+c-); Js(a—b+); Ulla-); K11+; K12+; K13+; K14+; K18+; K19+; K22+; K23—; VLAN-VONG-; TOU+; RAZ+; KALT+; KTIM+;
KYO-; KUCIl+; KANT+; KASH+; KELP+; KETl+; KHUL+

007 LE FUT3:Le(a+b-)

008 FY DARC:Fy( )

009 JK SLC14A1:Jk{ )

010 DI SLC4A1:Di(a-b+); Wr{a—-b+); Wd(a-); Rb(a-); WARR-; ELO-; Bp(a-); Mo(a-); Hg(a-); Vg(a-); Sw(a-); BOW—; NFLD—; Jn(a—); KREP—; Tr(a-);

Fr(a-); SW1-; DISK+

011 YT ACHE:Yt(a+b-)

012 XG XG:

012 XG CD99:

013 SC ERMAP:Sc1+Sc2-; Rd-; STAR+; SCER+; SCAN+

BloodAntigens.com

015 CO AQP1:Co(a+h-b-); Cod+

016 LW ICAM4:LW(a+b-) @

017 CH C4B:Ch1+, Ch2+, Ch3+, Ch4+, Ch5+, Ch6+, Rg1-, Rg2—

017 RG C4A:Ch1-, Ch2—, Ch3-, Ch4—, Ch5—, Ch6—, Rg1+, Rg2+ b lo O d Ty p e r
018 H FUT1:active

018 H FUT2:Found Homozygous Null Allele Variant: FUT2*01N.02 (inactive)

018 H SLC35C1:active

019 XK XK:Kx+

020 GE GYPC:Ge2+, Ge3+, Ged+; Wb—; An(a-); Dh(a-); GEIS—; GELP+; GEAT+; GETI+

021 CROM CD55:Cr(a+); Tc{a+b-c-); Dr(a+); Es(a+); WES(a—b+); UMC+; GUTI+; SERF+; ZENA+; CROV+; CRAM+; CROZ+
022 KN CR1:Kn(a+b-); McC(a+b-); SI*+Vil-; ; SI3+; KCAM+/KCAM-

Same individual

First automated full blood
group typing from WGS
data using bloodTyper.

Took 4 years to develop
bloodTyper v3 with 110
genomes

10 min to run bloodTyper
Last 200 genomes 4 days

023 IN CD44:In(a-b+); INFl+; INJA+
024 OK BSG:Ok(a+); OKGV+; OKVM+

025 RAPH G151 MERD Automated typing of red blood cell and platelet antigens:

026 JMH SEMA7A:JMHK+; JMHL+; JMHG+; JMHM+; JMHQ+

027 | GONT2:acive a whole-genome sequencing study

028 GLOB B3GALNT1:active
029 GIL AQP3:GIL+
030 RHAG RHAG:Duclos+; Ol(a-); DSLK+; RHAG4-

William J Lane*, Connie M Westhoff*, Nicholas S Gleadall*, Maria Aguad, Robin Smeland-Wagman, Sunitha Vege, Daimon P Simmons, Helen H Mah,

031 FORS GBGT1:Found Homozygous Null Allele Variant: GBGT1*01N.07 (inactive) Matthew S Lebo, Klaudia Walter, Nicole Soranzo, Emanuele Di Angelantonio, John Danesh, David | Roberts, Nick A Watkins, Willem H Ouwehand,
032 JR ABCG2:0r'+ Adam S Butterworth, Richard M Kaufman, Heidi L Rehm, Leslie E Silberstein*, Robert C Green*, on behalf of the MedSeq Project

033 LAN ABCB6:Lan+

034 VEL SMIM1:Vel+ Lancet Haematology. 2018. Jun;5(6):e241-e251

035 CD59 CD59:59.1+

036 AT SLC29AT:At(a+)




WGS based RBC and PLT Antigen Typing Algorithm Development Data Set

ﬁ Blood Sample from @blOOdTyper

the MedSeq Project

(110 participants) Initial v1
\ (unblinded)
< n=20 (30x)
g DNA Isolation :! RBC Isolation 99.5%
:';3;-%! Whole Genome 289 SNP Array Serologic Imp roved v2
‘") Sequencing (WGS) ceo  Typing Typing (blinded)
* \ { n=90 (30x)
Automated WGS 99.8%
Conventional Serologic and
[%j P tioon Tummg N SNP Array based RBC and PLT l
ObloodTyper Comparison Typing Results ———-
inal v
External Validation Data Set (blinded)
) 20 mems rom L Oty | g | ) S50 eyt
Comparison

Lane WJ, Westhoff CM, Gleadall NS, et al. Automated Typing of Red Blood Cell and Platelet Antigens from Whole Genome Sequencing. Lancet Haematology. 2018. Jun;5(6):e241-e251



C Antigen Gene Conversion

RHD
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Lane WJ, Westhoff CM, Gleadall NS, et al. Automated Typing of Red Blood Cell and Platelet Antigens from Whole Genome Sequencing. Lancet Haematology. 2018. Jun;5(6):e241-e251
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Hybrid RHD (Partial D)

RHD*Dllla-CE(4-7)-D

Participant #56
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Dllla-RHCE(4-7)-D confirmed by allele specific PCR
C+c+ confrimed by serology

Lane WJ, Westhoff CM, Gleadall NS, et al. Automated Typing of Red Blood Cell and Platelet Antigens from Whole Genome Sequencing. Lancet Haematology. 2018. Jun;5(6):e241-e251



Hybrid RHCE (D Evans+ AT C-)

RHCE-D(2-6)-CE D+ Evan+ (AT) C—
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Possible heterzygous D+ Evan+ (AT) C—
D+ C—c+ confrimed by serology

Lane vvJ, vestnom Livi, Gleagall N>, et al. Automatea 1yping of Kea B100a Lell ana Fiatelet ANugens 1rom vvnole Lenome >equencing. Lancet Haematology. 2018. Jun;5(6):e241-e251



Other RHD and RHCE Hybrids
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Geoff Daniels. (2013) Human Blood Groups.
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Dllla

DIllb (DIII-7)
Dillc

DIva

DIVb
DIV-3

DIV-4
DIV-5
DVa (DV-2)
DV-1
DVa-4
DVa-6
DVI-1
DVI-2
DVI-3
DVI-4
DAR

DBT-1
DBT-2

DCS-1
DFR-1
DFR-2
DFR-3
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NGS Balancing Act

Speed

Accuracy

Whole Genome

$$%
month

¥

Whole Exome

$$
weeks

¥

Antigen Genes
<$
week

¥

Specific Antigen
<$
days




High Density SNP Typing

Al; M+N+, U+, Vr-, Mt(a-), Ri(a-), Ny(a-), Or-, ERIK-, Os(a-), ENEP+,
ENEH+, ENAV+, ENEV+, MNTD-; S+s+, He-, M(v-), s(D-), Mit-;
P1+/P1-, pk+, NOR-; D+, Tar-; C-ctE+e—-, CW-, CX-, EW-, V-, VS-,
Rh26+LOCR- Be -, Crawford—-CELO+, JAL-CEST+, STEM-, JAHK-;
Lu(a-b+), LURC+, Lud+, LubS+, Lu6+, Lu7+, Lu8+, Lul3+, Lul6+, Lul7+,
Au(a+b-), Lu20+, Lu21+; K-k+, Kp(a—b+c-); Js(a—b+), Ul(a-), K11+, K12+,
K13+, K14+, K18+, K19+, K22+, K23-, VLAN-VONG-, TOU+, RAZ+,
KALT+, KTIM+, KYO-, KUCI+, KANT+, KASH+, KELP+, KETI+, KHUL+;
Le(atb-); Fy(atb+); Jk(atb+); Di(a—-b+), Wr(a—-b+), Wd(a-), Rb(a-),
WARR-, ELO-, Bp(a-), Mo(a-), Hg(a-), Vg(a-), Sw(a-), BOW-, NFLD-,
Jn(a-), KREP-, Tr(a-), Fr(a-), SW1-, Wu-DISK+; Yt(a+b-); Scl+Sc2-,
Rd-, STAR+, SCER+, SCAN+; Do(a+b+), Jo(a+), DOYA+, Hy+, DOMR+,
DOLG+; Co(at+b-), Cod+; LW(a+b-); Chl+, Ch2+, Ch3+, Ch4+, Ch5+,
Ch6+, Rgl-, Rg2-; Chl-, Ch2-, Ch3—-, Ch4-, Ch5-, Ch6-, Rgl+, Rg2+;
H+; Kx+; Es(a+), Wb—, An(a-), Dh(a-), GEIS—-, GELP+, GEAT+, GETI+;
Cr(a+), Tc(atb—c-), Dr(a+), Es(at), WES(a-b+), UMC+, GUTI+, SERF+,
ZENA+, CROV+, CRAM+, CROZ+; Kn(at+b-), McC(a+b-), Sla+Vil-,

Cost: $ Yk(a+), SI3+, KCAM+/KCAM-; In(a-b+), INFI+, INJA+: Ok(a+), OKGV+,
Time: week OKVM+; MER2+; JMHK+, JMHL+, JMHG+, JMHM+, IMHQ+; I+; P+; GIL+;
Min Batch Size: 96 Duclos+, Ol(a-), DSLK+, RHAG4~-; FORS+; Jra+; Lan+; Vel+; At(a+)

Scalability: Very High

Unpublished Data: Blood Transfusion Genomics Consortium



€9 Blood Transfusion Genomics Consortium
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High Density Array Design

1,000,000 DNA variants

Easily Customized Sickle cell & thalassaemia

e
. Gender

Donation — ' & ethnicity
frequency ||

o . Tissue matching

— & transplantation

RBC typing HF:(A &HNA
in
1,300 Blood Group SNPs yPIng
Side effects
drugs

Unpublished Data: Blood Transfusion Genomics Consortium



Blood Typing — The Future

WGS

P

-

WES
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[ Targeted NGS

[ DNA Array

Typing Algorithm
using curated
Antigen Database
and capable of
detecting allele
missense variants,
deletions,
insertions, splice
site changes, and
rearrangements

Type Antigens}
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( Better Blood |
Product
Selection
+
Help in
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Workups




Blood Transfusion Genomics Consortium
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