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Killer Immunoglobulin-like Receptors(KIR) play a crucial role in the immune system
and are closely associated with organ transplantation, autoimmune diseases, and cancer.
The high polymorphism of KIR gene family makes individual genotyping through next-
generation sequencing(NGS) high-throughput short-read a challenging task. The
previously developed Graph-KIR has been proven to be the best-performing NGS KIR
genotyping tool to date, outperforming its main competitor, PING, in both simulated
and real data validation. However, there is a performance gap between simulated and
real data for Graph-KIR, with its performance on non-novel alleles in real data still
falling short of its performance on simulated data. To elucidate the challenges faced by
Graph-KIR in real data, this study conducted an in-depth analysis of the previous
erroneous prediction cases of Graph-KIR on Human Pangenome Reference
Consortium(HPRC) real data. The HPRC analysis results indicate that Graph-KIR
performs poorly in aligning short reads in regions with deletion variants, leading to the
incorrect or missed identification of deletion variants and the inability to output correct
results. Additionally, the analysis of copy number error prediction cases revealed
difficulties in predicting merged gene copy numbers. This study explored the potential
for algorithm optimization from common error cases and performed preliminary updates
and corrections, resulting in significant performance improvements of the latest version
of Graph-KIR on real data. The optimized algorithm was applied to KIR gene typing of
1492 samples from the Taiwan Biobank to verify its practicality on a large sample set.
Preliminary results showed a small number of samples with abnormal copy number
distributions due to the model's lack of constraints on copy number prediction depth

intervals. Diploid reference information was incorporated into the model to limit the
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fitting interval to 2 copy numbers, enhancing the automaticity and reliability of Graph-
KIR copy number prediction. Finally, this study summarized the 7-digit allele typing
results of the whole genome sequencing data of 1492 Taiwanese individuals, calculating
the common copy number distributions in individuals and the high-frequency allele

types in the population, providing important reference data for subsequent KIR studies

in the Taiwanese population.

Keywords: Killer Immunoglobulin-like Receptors, Next generation sequencing, Copy

number, Allele, Taiwanese
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1.1 KIR
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2B cKIR AFIEH 5 BT ABHMF i BEIBEETHBEOLAR
TS HERETEEZ AR f‘},%m1i7fi?'*7ifﬁl?ﬁ§ o FrrEasu] KIR % = A7)
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KIR A F] 33 A 5% 10 5.4 ¢ 48 ql34 % > BALE R A3 70
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# %] (KIR2DL1 ~ KIR2DL2 ~ KIR2DL3 ~ KIR2DL5A ~ KIR2DL5B ~ KIR3DL1 ~
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KIR3DL3 % & BB chh ' » R 3% P2 ¥ b2 27 £, (3) & 4 1 k@hu
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B R A et £ avFR =8 - % F| Stargazer (Seung-Been Lee et al.,

2019) fegp > - BHER TR 3 BAFEE > AW L VDR~ RYRL fr

EGFR - iz 3 i & F] & Genomic Variant (MacDonald JR etal., 2014) F#LE » %

T AT A R AR S o & Graph-KIR == WGS ‘@& 5|wpkis » it 3

B A Flehw BT IERARA D (FL B2

I
-
e
s

S IER w0 T E 3 A Fw
PEFER ER L o9 0 IT5 - BRFRDEY FHFE o MF SHRAEFEL BRI
AP FEE S 2 ¥ EAGTIEE g "WFPTs BMFEROER patod X
2 KIR #FER T3 ™ fie o { 5715 5 Graph-KIR #% & #5872 7~ 7 B

KIR3DL3 # P #ics 2 k3Fpplk & KIR # P #ic> M pF pg ¢ & KIR3DL3 iF
BRI @ HCUEL SHEEHE 2 F A G2 KIRIDL IEA @9 hinBy
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A2 P BiES A 5T BIA > B A A L Graph-KIR & HPRC F# &
P BRI R R A 1S % 0 A NIRRT AR R BOR R F A T A A S R TR
BB AL F 2 FE AT LA 2 {3718 HPRC 2% #F S % » F 2 inix i
Graph-KIR & * fe S8 %¥ Fhat % > 5T e 5§ w1 i ko 7o
41HPRC ¥ 9 TR b BTTRISH5 014 4

& HPRC & » 3% I #cig pl X v 25 33 A FIE A Rt BB
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alleletyping) » #4152 @2 2 £ F A A ATFep BRI AF LIk 77
FEE AT g EIRR R A AR o A 7 IR Graph-KIR # =i Fe
AEZAEANRAEPE > PEERI OB R BE AT e s HY - B E
FAFAE O RRRAZERIEE AT EpD 3 EAEARE o F I R
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Bl 2 FE > PFEREYE S 2 #0890 KIR3DL3 iFA& 44 T > e ¥
%437 KIR3DL2 2P #kci 1> KIR3DL2 ‘@F 7| F % w Rk, 82 L Fa &
- Wil Bl AL~ 'HBl A-2) o Bfs - BRe# 2 & KIR2DL2 » § %4
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P#cs 1o 9% wREFR S 8 ARTERIS 0 L - 2284 AFahwRHFRU
FART 00 B adkblY > GEF - TnwREFR 0 A EARTER G 2 A4
(B A-3) » $30 = 240 2 i in > M5 AP 45D ks 0 4 F ¥ AT g
Bl SRR R E K28 > &3F A 5% iz o

% 2HPRC 44 & & & A& F13% 0 RI45 3590 R 5 B st

CN diff \ KIR gene 2DL1 2DS1 2DL5A 2DL5B 3DL2 2DL2  Total

Before allele typing 0 0 0 0 2 1 3

After allele typing 9 9 6 6 2 1 33

4mwm:£ﬁg%£§&§ﬂﬁ§ﬁm$wbﬁ

HPRC 2Limzn % A FIg SRRk bl- £ 5 41 B> S RAS%RES > 4
?%i%%%ﬁ?%M’ﬁ{ﬁﬂkﬁﬁﬁﬁﬂﬁﬂﬂﬂﬁﬁ%ﬁﬂﬁﬁ’iﬁ
PEEIRRIF SR T £ 3 BEHIORK TN A olp > L FRIFE
* e Bk P 0 AEFAE & AR (Psuedo gene) fr & # A Fle (Merged
gene) hdk b7 €l W aF Y o S 13 B FEblaims {0 AT Y
FRL T WAL AT =R T A AT > Graph-KIR 0 ik 4 % B % B

SURR A R AT g SR L T o 5 R
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4
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¥
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4
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3
bl
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PAFAIRAREDRE > DY FAAIYR EREFE AT DAL
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#2265 KIR3DPL th % = A FA 4 b AFERcPNE2S > W E Al LS bk

HERAeFnimi o

% 32 %KT?ﬁTE" 2K F1 A 4 AR R & B Ae R E e sk k bl Bcp St

Classification Number of cases Number of Evaluated cases
Psuedo gene 16 3
Answer: Homozygous 6 2

Predict: Heterozygous

Answer: Heterozygous 5 2

Predict: another Heterozygous

Answer: Homozygous 4 1

Predict: another Homozygous

Answer: Heterozygous 1 1

Predict: Homozygous

CN=1 4 2
Merged gene 5 2
Total 41 13

421 % v|f2+7 : KIR3DP1 F 4 7¢ iR

BAATR A T AT AL BRI 0 G 16 BRIk p R Tl
WP AT HFRT 1L B % 64> KIR3DP1*004e ~ KIR3DP1*0020202 -
KIR3DP1*0020210 2. ¥ cigt 2835 0] » - $%:F 1 BB % 6] % - Graph-KIR i 3
BEERAFRE D Ap Fdp AR A #ico IGV wRbE % BT 0 B3Pk 5418
KIR3DP1 . 2000 bp %4 %2} =i A 7| pk > pyHLAMSA A7

KIR3DP1 &3 % & G¥ wo* P E2 284 (B 2) od WEZRHILT
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15

doi:10.6342/NTU202403277



ER R wRE A VR BRI REL B2 BRIt 3 BIEL
P EREBRREERA DT EATAL B R 0 {8 Graph-KIR ¥ it & 5 4 g
RIS RS E  RRERA TS TR o A F R DA FIP S
£ KIR3DPL (e s Bt R A 4 S ok ¥ (W] 3) » WY 6 ¢ f2A 7] 5 iphat
5 F (Mapping quality ) » #ceh@ /5w Bk > S35 &R P& 2 v L7 583
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FoR- i o~ FERIR ~ Graph-KIR Fgplg % > R &R AFERP L F ¥ Xk
en® b F1A5e 8 42T 0 Graph-KIR & HPRC #icff b chd e 4
oo der e A ARRITS > Graph-KIR & def Bde =t > grw] i of org 3R % A 7]
SbEE 0 7 ABEFAD 0711 &2 3 0817 - 2 e A TR NR AEE X B LAk f2
Ao IR A TRR S A B R eantg R R KIRSDPL b A KR4t 1 B 4 engs
Foow GPE A R KA AR AR oL i

# A4HPRC 44 &~ iv3¥ KIR3DP1 fr & g2 Seid ¥ i

Filter Methods 7-digits 5-digits 3-digit Gene

-fusion Number of alleles 248 713 825 825
Graph-KIR-origin 0.706 0.739 0.749 0.979
Graph-KIR-modified  0.770 0.750 0.760 0.979

-fusion -# Number of alleles 237 651 740 740
Graph-KIR-origin 0.713 0.745 0.766 0.978
Graph-KIR-modified 0.781 0.756 0.776 0.978

-fusion -# -+ Number of alleles 222 516 548 548
-= Graph-KIR-origin 0.721 0.814 0.865 0.978
Graph-KIR-modified  0.793 0.826 0.876 0.987

-fusion -# -+ Number of alleles 142 143 145 145
-=-$ Graph-KIR-origin 0.711 0.853 0.897 0.979
Graph-KIR-modified  0.817 0.888 0.924 0.979

Graph-KIR-origin: Graph-KIR 455 & ©

Graph-KIR-modified: Graph-KIR 3% KIR3DP1 F & Fgip|2_ s & o

422 (5|f347 t RRAEFFFERIBL
#3053 E R i FA &30 KIR &7 Graph-KIR ¥ ¢ & 2 &35 8
oo BARTARAMFERLY 0§ 6 B FIRIBI LA
IGV w5 BTt 26 A FAEF > 2 R FRIEEANES - 2B S

RLE R PR ARATR G AR A I PR Or RS FREFRIAEFE A
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Flie & A Graph-KIR # crjp i B A B M o P> F T RAE3 S AT e s
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Fi AT AR RE )0 FRHEirs KIR2DL4*0010201 ke A & 5 » @ A )%

-

% #r&_ KIR2DL4*0010201 +4r + KIR2DL4*0010308 & A &+ - B+ = &
PYHLAMSA 15 B 7w 5 3 » 2 ¢ KIR2DL4*consensus % KIR2DL4 #73 %
FAFA S RSP RE S Y B Graph-KIR 3% & FIB A5 w phend
R BEL - REATAEIEBREIER > BEL Y RAAAHEBAEILZELER
FloMY xS CATEG A 34bp kL B R AT RE VLR B G -
BEARFIGRITHLRLARREIERS - R FFG 5 RPN SRS
HARETFE > CEREKRELERPR AL F A TFaaddp ik » Bk ' 15
-168.189 & s de s ok p St E A R wE O PRI DR B ETESR S| v RE
FERTEEIE R RS FERDRBAEF L 0 PTG A RE M E
KIR2DL4*0010308 # #p i+ @ & 71| % ¥2 KIR2DL4*0010201 #p % » #7125 2 & #-
®R7ARL S kg KIR2DL4A*0010201 # 4t dc s > 4 P wEE AR ? 44 4 R % ¥
B2l 7 UARAR S K P %4 2 %3 o KIR2DL4*0010308 - 7= 7 ¢ if = 4r

A BBARM R A ML BB A 12212 AR S B R oo
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KIR2DL4*consensus ATCCTGGGAG TCTCTCATGA ACTAGTAAGA GGAGATCCTG GTATGCTCAG
KIR2DL4{=86182@1 ook ckckkkkokckckckck  ckokokckckckckdeokdk ckckkeckckkskkokdk %

KIR2DL4*0010308

660 bp 670 bp 620 bp 630 bp 700 bp

GGEGGGGEGAGTCTCTCATGAACTAGTAAGAGGAGATCCTGGGAGT

Bl 4 FAIEFHIFRIZ R EF R P A RFE R DvRERR

43 A% { # HPRC %#® 4 1
300" M P iR R AR Graph-KIR FRip| s B e B2 70 sk
370 itd 18 HPRC S EFER 4rd 5 757 » &R A% o3 BEA Fb A FE R ~
Graph-KIR FERl% % » M@ £ BRA TR ok fosrd » 2281 £ 82 ed
PoAL LR o 5T TR M4 A R B Rk L > Graph-KIR HREA 5| %
P ARRBEWRIID] REDRHFRAE - 5
R FWAE L 01 pFiE Graph-KIR &2 F T oh
%

RN SR SR SRR T 3 FOVRCE 3 RS

N
K
Sk
A
3\:5
=
P
E=D
W
8

LRSS LR R A R S R R L S UERT 0 B2 B
Jll]b
E 0
{

AR ke R h b HPRC S § 2AATH0 8 A Feita § im0 7

4
2]
"“3‘\

URIEDR L o AP R RASEZ Y ATH O OHE A & F AT amRn 2 4

pede =9 Graph-KIR & HPRC S f 04 3 » 518 > Graph-KIR & &
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% 5Graph-KIR % i { 7%~ HPRC 44 # 4 2 4 7

Filter Methods 7-digits  5-digits  3-digit Gene

-fusion Number of alleles 248 713 825 825
Graph-KIR 0.770 0.750 0.760 0.979
Graph-KIR-dv-0.1 0.798 0.743 0.759 0.979
Graph-KIR-Homo 0.806 0.767 0.767 0.979

Graph-KIR-Homo-dv-0.1  0.835 0.764 0.770 0.979

-fusion -# Number of alleles 237 651 740 740
Graph-KIR 0.781 0.756 0.776 0.978
Graph-KIR-dv-0.1 0.810 0.750 0.777 0.978
Graph-KIR-Homo 0.819 0.777 0.786 0.978

Graph-KIR-Homo-dv-0.1  0.848 0.773 0.789 0.978

-fusion -# -+ Number of alleles 222 516 548 548

= Graph-KIR 0.793 0.826 0.876 0.978
Graph-KIR-dv-0.1 0.820 0.821 0.891 0.978
Graph-KIR-Homo 0.833 0.853 0.891 0.978

Graph-KIR-Homo-dv-0.1  0.860 0.851 0.889 0.978

-fusion -# -+ Number of alleles 142 143 145 145

=-$ Graph-KIR 0.817 0.888 0.924 0.979
Graph-KIR-dv-0.1 0.831 0.888 0.931 0.979
Graph-KIR-Homo 0.850 0.916 0.938 0.979

Graph-KIR-Homo-dv-0.1  0.866 0.923 0.945 0.979

PARA PG LR A TR ZBE o
Graph-KIR: Graph-KIR &/ A 33 B A o
Graph-KIR-dv-0.1: Graph-KIR 4v » 4% % 5% 8 & #cd BOR A o
Graph-KIR-Homo: Graph-KIR 4 » fe 3] & + A F3h ] & A A o
Graph-KIR-Homo-dv-0.1: Graph-KIR 4 » 4 % 8 & & B ek 4] & + A FI3k Y

AR A o
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4.4 Graph-KIR # g A %FH P R (T2 L 47

441 F P &P ¥R R E S
& Graph-KIR % TWB 1492 # & 42 P ficenip Bl % ¢ - 36 B 1 A4k 7
W7 KIR3DL3 # P #c$ 8 » 27 34 B A4 TER 4 #20 » 2 B AR 5
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A% KIR3DL3 # P %2 X2 2% « W7 2 ¥R+ 7 o L0 BIFRIHC
g KIR A FLRER 7 ek map » $F i3y KIR A RE 7 fai} ¥
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BARFIEWAFRI R o
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4 - BHIFR Y KIR3DL375 A #iFA 2 KIR #rF & %] 75 A U A ¢hT 52
BBt (B 9) #FHRApHE 2 ¥4 #7999 B KIRIDL3 # L #k i 1
@itk & KIR3DL3 iF & 2 KIR % hF R 30 54 - BHFR L ER > 4
2o FREALHEIETIARTAPD  FEFRIEFENZEALA AN
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NGS2_20150106G ~ NGS2_20150106H ~ NGS2_20150107A ~ NGS2_20150107B ~
NGS2_20150107C ~ NGS2_20150107D ~ NGS2_20150110C ~ NGS2_20150110D -
NGS2_20150208E > F]pt 48] KIR Tt /® A ¥ © 3 4 Aigdth 2 b o Bavth A
A g S gk o - BB H LRSS (CHEC) FRGEE
Bl w phiR BB 0 e VP B AT MRS P R 3D SR R BUY 0 4 1 4T
KIR3DL3 A FER T ahBF { P20 #ich 20 25420 Bed 1o o g2t 24
Pk R end B R FE L BRI S % 0 AT T 2¥8® Graph-KIR &% KIR3DL3
PR 20 RREBEY A BREAEEL Sl d XD 08 NI 06
AL EATEAGLEY A KIR BEIRR RGN RITT { 4 iRl
FR B REAFEITH I 9 BHRARGEIERE - 25 KIR3DL3 425 #icd 4k
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3 genes mean coverage vs. KIR p75 coverage
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CN=2
CN=3
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B 10 54 1492 + % 10 ¥ 2 B4 KIR A F3 L fics #

443 - @ L R AT
W BATHR A eh Graph-KIR » 2877 %3t 1 1492 %A ¢ h 7 5% %

FIAA R o B 11 B sS4 A KIR A RS F I E = A FE % £ 3t 50
PE AT o AR S EMT Graph-KIR ¥ %#:E 7 5 & & L 54 4] 5t
St o MR R BGE A RRFGE R F R 0T Gk o b o BRI
Graph-KIR siiten¥ L% A FA{rL 5 3 & % PING #7* % %3 KIR s3”
R FILALATY ML EFATIRHELFT LPECATT > ¥ LERE
TAARR > FRE kg 0 A BEES EFALPE AT 2 EAR 0 R AL
FEHRPY AL KR 2 =AFAE 3 L8 5aded 3ty 1 2mivg 2k ai
Bode P ERFHP e 3 i 88 IPD-KIR ‘}'}imafr,fﬁﬁi [l e b U NER.
Huddpiuen IPD-KIR & A FAEIHRAZE AT @252 L R R %
KIR AF R e s it A k1 24 t_ﬁs?J VAP i e e E L FAIRE

AR T ROATE R R 0 AR F A TR A X A R3]
R A B Hef R E L AT BRAATIN 2R BRR Y FHE

AT AR ST TEY o (R BEHTRET hE &R R
25

doi:10.6342/NTU202403277



0.6

o s
)
0TT0T00

o
s
Oog

o
10100
7010100
010100

A
Q'
&
&
y
- T_m_o&b“
)
—
|
e g0T0T00
L]
i=]
N
9;,
0,
05,1
2010
&

1
&
S

\
/~
Q

%

KIR2DP1

Fse %j;% JO@\
AN / KIR2DS3
KIR2DS4

0020111§ / KIR2DL5B

05
. OO yon Q010103
— o —
0150204 KIRZDLSA\

0150203 -
0050103 pumy | KIR3DL1
0070104 [N

W 0080107
I 0050101
KIR2DL4 | BN 005020,

005010,
— \ <0 -~ o,
oo ot Vg %0z020,

m-m@l KIR2DL3

KIR3DL3 ~
$ e

0,

/’ \ %, 09

- ¥ o KIR3DP1 KIR2DL2 §%%1
Y

\ KIR3DS1 KIR2DL1

B 11 5% 1492 4 24 KIR AF|&F LenE = A 74 » &= A FHEF £ 3 5%

03 K F1AE T 2T ]

26

doi:10.6342/NTU202403277



45 A k1%

PR S B 2 S ATREH Graph-KIR 4 4 % B &35 w phid & g
Foah A2 L iR o R B H DU KGR RIS RE LR
Ho4rmBE 2R E LA A RERB O SS L AF A R ol iy
1 EE I P o KIRSDPL F 4 FRipIIF A58 4 ficen B B8 & < thy ATy e

~

LRI ST AN i

/%i’t
Y=
™

1 E RO AR > B Rk ik T KIR3DPL b
AF e @gs > jHEREZEMARE - AFTHAAEFIHA wE =L
ﬂﬁﬁ%ﬁﬁ’$%é—ﬁ%1£a%g%.ﬁaﬁmT@ﬁﬁam&kﬁﬁﬂ

2HATH S A FREOA R 2 B L HATH R

P

3
Sl
g
T;’%“
Eal:
o
)
> 4
She
g
=
>y
A&k
‘hﬂ

FFhH L b DFHEEA XREHRT 1R
BidE = oo Lo s PR 1 E RS B3EEEE T ggzg,] T kT B AL
EoaynAe o B R LR AE B LT  4op % FER A 5] (Targeted

sequencing ) °

217

doi:10.6342/NTU202403277



¥IE BH
A RF TP Graph-KIR ¥ A F14 AR AR TG RS B o p

o4 S ATLYE R FALE AT B UFEE B R S N H S
Graph-KIR i % %R R v pbrcd 7 & > EREFE A Fer ez R
D5 Bots o FER BRI LN B L A AU AL IR R R s
1o #FEFFHELBIPRF L o B2 P IEAFR BN A Graph-KIR & % iRt &
R hE & AH > A H R KIRIDPL Fo a2 RE R wRET 20 B E 3
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0811 BERFAFFRIFHEARL P24 RS FFHERETH- ~ RFAF
VARG o B AL BRI EATS A S E 2 0 M A ¥R PR
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