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Abstract

Objective: To identify the causal effects and potential mechanisms of immune-related genes in air-
way allergic disease (AAD). Method: Immune-related genes were extracted from the InmPort data-
base. Summary data-based Mendelian randomization (SMR) was used to integrate genome-wide as-
sociation study (GWAS) data for allergic rhinitis (AR) and allergic asthma (AA) with expression
quantitative traitloci (eQTL) and methylation quantitative traitloci (mQTL) in blood, and combined
colocalization analysis was performed to jointly determine the potential regulatory mechanisms of
immune-related genes in the risk of airway allergic diseases. Results: By integrating SMR analysis
and colocalization analysis results, we identified that TNFRSF1B expression [OR = 1.481, 95% CI
(1.235~1.775), Prpr = 0.004] and methylation site cg13471521 [OR = 0.765, 95% CI (0.661~0.884),
Prpr = 0.033] were associated with the onset of AR; CD247 [OR = 0.813,95% CI (0.721~0.915), Prpr =
0.024], FCER1G [OR = 1.068, 95% CI (1.029~1.109), Prpr = 0.213], and PSMD5 [OR = 1.259, 95% CI
(1.101~1.439), Prpr = 0.026] were associated with the risk of AA, as well as their methylation sites
cg01833122,cg10375409, cg09070378,cg09833538,and cg14255062 were associated with the on-
set of AA. Conclusion: This study elucidates the role of immune-related gene expression and DNA
methylation in the pathogenesis of airway allergic diseases through Mendelian randomization and
colocalization analysis, providing new directions for clinical practice.
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allergic disease, AAD), - HRHIE 8 PEt BE B KA. EA1E N 2 BUHEh T A JRE I 2, RIH
FEACLA S A S0 S REPE[ L] [2] 0 X R B A BREE 1 E (IgE)A T HRl, 19E A3 1 ik Bl 7 5 i
T RIS E ZGEE 25% M N HI[3][4], C& A —> Mg B8 5 1 3 22 0] @l o ok SO s A1 — g it A%
BAY, AHSRHEEA P22 SRR T A0 B bk A B SR i 0 5 . SOm A S [5] . BRI (R 7 DR T
I 1 S R R, N, AT Th2 e Mg 12 BACH2 1) rs905670 il rs2134814
2 AV B B 8 XU BG4 2 A O[] A S b S B AL A = i Bk e v i) E AR B A3 A
AT, AEURE R 1 o P 2 TR R G R R 7 AR M o R R I R R R

18 R L4k (Mendelian randomization, MR)& — Rl X IR AT =R A 7k, e ff e e R
TEBERMMEZESERZARGAMEBENRRLR, SWEETTAAL, XFERKE S ZE
TRVE AN ) DR SR A 22 (M2 i [ 7] E A e A R BTG 20 A 4402 T BR800 AR LI AN S B v 7
Mo T RBE I 7R BEHLAL (Summary data-based Mendelian randomization, SMR)/& MR HI#H /&, ‘&
A % 41 4> PR 4 ¢ IR BJF 9% (genome-wide association study, GWAS) %4/ 15 %5 & 11 4R 5 K £ £ (quantitative
trait loci, QTL)IFATHEA M1, FHECTME4 MR, MBI 0] WA B KFE AR & T B A 3R AR
i, SMR B/ H SRS iTRE J1[8]. PRI FRATIHI A 2 1A F & R A7 53 (expression quantitative trait loci,
eQTL). HIF:AL B MR I 47 55 (methylation quantitative trait loci, mQTL) ¥k Al K HiAR GWAS #dl, 5
RGP AH CTE R R IA RN DNA A6 78 o Sl A= 293 o (R AR S L

2. BRIMFGE
2.1. WRET

FEARB T, HATES T AR. AA 1] GWAS Hdls MM AT mQTL. eQTL #idl, #t4T SMR 7347,
FEFIFH MR B3, B Jm 34T R AR & 53 5 MK 56 (heterogeneity in dependent instruments, HEIDI)ATEE 52 3743
Mroes e e FRATEE bk 25 PR e o ik R R FAH OC FE (L E AAD HIIPEH

2.2. WHEHKIR

FATA ImmPort ¥ ZE (https://www.immport.org/home) 3545 1 1744 NS IE N . S FH e B A
(1) mQTL 4k H McRae AF %5 AV A3 Hr(n = 1980) [9], AlAI13%F Hlumina Human Methylation 450
it Fi 7E Brishane Systems Genetics Study (n = 614) il Lothian Birth Cohorts (n = 1366) %1~ B\ 51 {40 & IfLF
TR RS, AR T IR mQTL B . AU eQTL #¥ikH eQTLGen BXH, 1% (4
31,684 & MA[10]. FRATHIBF AR IS eQTL FIIREC mQTL #edfs, EIANITE R B HE P tE sl A1 2% 11 1 Mb
(I BBl PN A4 i BA A2 1 1% 22 251 (single nucleotide polymorphism, SNP), {ifi /& 423 K 2 &2 2 BRI{E(P < 5 x 10°8)
A AN SMR 73471 AR Fil AA 1] GWAS %4 5K 1 FinnGen B 7t o 8 JF & A ¥ R10 fii A, £14% AR 1)
12,240 5751 A1 392,069 X, AA 110,723 Bl {5 A1 228 085 X . BARM 2 Wiknitk K A HEFRHEAS
AT FE FinnGen B (4 #% 21| (https://www.finngen.fi/en/access_results) . AT 78 B 458 FH 5500 ok H A JL80E 2
XECH AR e O 2 SR IR ST AR B E,  [RIEAS T 7 A AR B AL U
2.3. FHHE

FATRH SMR Fi2: 4 e 2 A ¢ mQTL. eQTL 7E &I Bt v rfEF, ATIEE N QTL AT
FAR R, IFHERR S 2 AT S i i o BRI (1B BN 0.2) 119 SNP. Fifi 5 N FH HEIDI SRAR 36 22 2401 A% 8 1
[8], HEIDI it P < 0.01 & W LRk AT REAFAE[11]. [FIS K1 Benjamini-Hochberg J7i% % SMR 73 #7145
AT HER KL (false discovery rate, FDR) %, i fHEH 3. FDR<0.05 #i\ 2y SMR 73 #r B A &
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FHE. B LA P <5 x 108 AE{A Tk SNP /E v T RAZ &, FH W75 % Ikl (inverse variance weighted,
IVW). MR-Egger. M 175 (weighted median). fiAUE = (weighted mode)Ffl &7 #1455 2 (sample mode) .
FRTERATIRAUE 0T 296 288 SNP BT LL IVW ShEZ i 7%, HA —A4 SNP B L wald ratio 2y %
SIMT . ZJa SGHEAT IR AL T R e A R . IR AL AT TR IS R R S 4 R 2 A 2 T L AR
IR RAR S o L AL SR /MBI, TS REAME R 1 )5 B2 2R (posterior probability, PP): HO: i#if%
A5 57 s A PATRATRFETC G HL, AVE — MR H2, S 54— PEIRAE DG HI: 5IXmAM
KA, EARALFEPFRRESR: HA: SXPIAMRAEC HILZ R — R R R [12]. iR ORI
=, AT mQTL-GWAS 1 eQTL-GWAS (14t E i, e 7 X 38 % 145 25+1000 kb F1+500 kb [13]. H4
(1 J5 B %6 (PPHA) K T 0.6 B A A& 35 7 B SRR [14] 0 DL EFTA 2 dridid SMR #4F 1.3.1 jlASFI R
At 4.3.1 AT ) DrugTargetMR AL (A 0.2.7) 5280

AT EZGAT T SMR AL @ AL 704 SMR 0 E4%: LA mQTL #1 eQTL A%, AR Al AA K
S5IR), THE TS AE )RR IR R AR B AT Ao B A FRATT I DR SRR RE N e e SR 1) PRANJZ I SMR 43t
FDR <0.05; 2) #/NMZEH ) SMR 4> #r HEIDE > 0.01; 3) mQTL Al eQTL JZ i [l il /& 4L 5 17 /) PPH4 >
0.6

3. R
3.1. AR

311 REHXEERRENS AR BJ SMR &3
S G A SR ) mQTL 5 5 AR 1) GWAS VL 5 HE4T SMR 2047, 3-45d HEIDI i1 FDR
o6, FRATIAE 25 AN FERHEHIE T 52 N5 45 RE N R RPN A, Wk 1a Fior.

3.1.2. REMEXEERES AR B SMR &R

X GG HE R ) eQTL £di 5 AR 1) GWAS JL A BT SMR 43 i, F£45d HEIDI Ml A1 FDR
K56, AT E T 815 AR IR Gz F [, 43 )& APOM.GZMB . HLA-DQA1.HLA-DQB1.TNFRSF18.
TNFRSF1B. TNFRSF4 il TRIM27, 41/ 2 fizm. A, TNFRSF1B. HLA-DQB1. TNFRSF18 7% 5 )
MR 27 A3 B3GR (A 3).

313 BEZPEFHER

BEWAEER SMR 455, 5% 7 APOM. HLA-DQB1 1 TNFRSF1B JE K ik FIAH K 5 A LAk,
A7 5o B S5 B 3L 8 AL 7 A 45 R AE R, TNFRSFLB A H IR0 AT AT cg13471521 5 AR A 0 1) 3 e A S HF
W 1.

3.2. AA

321 REHXEERRENS AA B SMR &3
X S AN SR 1 mQTL £ 5 AR 1) GWAS JC A H 1T SMR 207, H45d HEIDI #liF1 FDR
Ko, FRAIAE 45 DNEERMHEME T 112 M54 RA RR R IO S, & 1b Fios.

3.2.2. REMEXEERIES AA B SMR &R

X g A AL R 1) eQTL £ 5 AA 1) GWAS LSl 47 SMR 20 ¥, Ff4&id HEIDI A F1 FDR
06, A E T 1145 AA SR E A, 439 /& BACH2.CD247.FCERLG. IRF1.JAK2.PPP3CA.
PRKCQ. PSMD5. SLC40A1. TAP1 il TRIM27. Wil¥ 2 fizx. A, PRKCQ. PSMD5. JAK2. BACH2.
PPP3CA. CD247. FCERI1G 7EBJ5 ¥ MR 43 #7143 B4R (4] 3)-
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Figure 1. Results of methylation SMR analysis
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Gene pP_SMR_fdr pph4
AR !

TNFRSF1B  0.004 | —-— 0.95
GZMB 0.031 Ll 0.79
HLA-DQB1  0.004 - <0.01
TNFRSF4  0.004 | 0.96
TNFRSF18 0.004 - 0.97
HLA-DQA1  0.004 " <0.01
APOM 0.023 | <0.01
TRIM27 0.011 e 0.03
AA E

PRKCQ 0.002 - 0.93
PSMD5 0.026 | — 0.62
JAK2 0.003 | —— 0.81
BACH2 0.013 | —— 0.15
IRF1 <0.001 — 0.45
SLC40A1  0.035 s 0.55
PPP3CA  0.013 e 0.76
FCER1G  0.021 - 0.61
TAP1 0.001 | —=—— <001
CD247 0.024 ol 0.64
TRIM27 0.023 | <0.01

05 1 15 2

Figure 2. Results of SMR analysis of immune-related gene expression with AR and AA

F 2. eZEEXERERIES AR, AA ) SMR &R

Gene outcome method nsnp OR.(95%.CI) pval

TNFRSFIB AR IVW 4 : ——a—> 1.274(1.146~1.417) <0.001
GZMB AR IVw 2 — = 1.111(0.892~1.385) 0.344
HLA-DQB1 AR vw 3 —a—y 0.873(0.768~0.991) 0.037
TNFRSF4 AR VW 5 —a—— 0.895(0.732~1.095) 0.283
TNFRSF18 AR VW 2 —— : 0.850(0.792~0.913) <0.001
HLA-DQAl AR VW 6 - 0.935(0.856~1.021) 0.134
APOM AR Wald ratio 1 ——t 0.873(0.712~1.071) 0.194
TRIM27 AR IVW 7 e 1.003(0.958~1.051) 0.876
PRKCQ AA VW 3 —a— : 0.789(0.707~0.881) <0.001
PSMD5 AA Wald ratio 1 | 1.168(1.068~1.278) <0.001
JAK2 AA VW 3 | —a— 1.196(1.103~1.297) <0.001
BACH2 AA VW 3 I —a—— 1.229(1.089~1.387) <0.001
IRF1 AA VW 2 '—:l—' 1.048(0.837~1.311) 0.68

SLC40A1 AA VW 9 - 1.041(0.990~1.095) 0.11

PPP3CA AA VW 3 —a— 0.863(0.747~0.996) 0.045
FCERIG AA vw 4 G 1.068(1.030~1.108) <0.001
CD247 AA VW 4 -—-—|: 0.890(0.795~0.995) 0.0419
TRIM27 AA vw 7 - 1.020(0.969~1.074) 0.435

0{7 { 1!4

Figure 3. Results of MR validation analysis of immune-related gene expression with AR and AA

E 3. ZAXERERIES AR, AA B MR ISIEDHTER
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WA EMF SMR 455, 53] 7 BACH2. CD247. FCER1G. PSMD5. TAP1 #ll TRIM27 iX 6 />
FLRIA I FE DRI OC 17 /N FE AL A1 Bl J5 SR e A 2 M 45 SR $E 7 , CD247 A FE BEAKAT £ cg01833122,
910375409, FCER1G At FFEALAL 5 ¢g09070378, PSMDS5 Al H: I FE 4L A7 f cg09833538. cg14255062 5

AA TEERIILEN SR W 1.

Table 1. Colocalization analysis results
1 HEMSMER

mQTL
AR €g03689048
€g05053818
€g09555323
€g21588215
€g13471521
AA cg06866423
€g09757525
€g18477569
€g25204543
cg01833122
€g10375409
cg09070378
cg09586646
cg09833538
€g14255062
€g02567488
cg03465320
cg07156249
€g16853860
€g17840250
€g03270340
€g21997109

PPH4
0.01
<0.01
0.01
<0.01
0.94
0.42
0.95
0.97
0.15
0.68
0.65
0.77
0.58
0.60
0.70
<0.01
<0.01
<0.01
<0.01
<0.01
0.01
0.02

eQTL

APOM

HLA-DQB1

TNFRSF1B

BACH2

CD247

FCER1G

PSMD5

TAP1

TRIM27

PPH4

<0.01

<0.01

0.95

0.15

0.64

0.61

0.62

<0.01

<0.01

4. g

AT FEER I IR LA 7 B 1L 8 S AT IR T S8 AH DG BE DR R DNA H AL AE AAD K v )38
ENLH]. BiE T 5 AR ML) 1 AN JEK TNFRSFIB Al FEALAT 55 cg13471521; #fisE 175 AA ML 3 4
JE[A CD247. FCER1G il PSMD5, DL s e AT F 3E40 A7 13 cg01833122, cg10375409. cg09070378.

€g09833538. cg14255062.

PR R FE I T 3244 2 (TNFR2) & Fi A s R FE R T (TNF) 24k 2 —, Bl # 5155 T8N S kg
I P S A B R T TNF-a B R AT A FE[15]. TNFRSFAB ZE K 4wt TNFR2, =5 BLAE Gous 4 ff vp
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%, S5 RN . SERTHIEE T s TNFR2 Rk b 5t 8ot B A c[16]. Adfrh, 2
) TNF-TNFR2 {5515 3 22 ik Th2 1 Thi7 gufa ittt A hn s i BeietR[17], iX T e e plil 2 —.

FEAN A 1gE 3244 (Fee R1)&Z H1 Fee Rla. Fee RIS F Fee Rly =AML R, 70 = IR 4ihs, 4
%79 FCER1A. FCER1B 1l FCER1G. FCERIG fE B K AEAE 546 T il RBEH,, H 5 BUx M Y]
FHIR[18]. WK, FCERIG 25 S @M MCH Y T, | 123 55 G R M40 84[19]. FeeRI
5 A KGR P S S T U N, R, IR KA S SRR TR, PR AR LIRS
FSAR A 40 K7 TNF-o A1 IL-6 [20]. X W] fEs2 FCERLG £ 5T i Mt 2ORE K I 7

V2 - EEBR R GU(UPS) 2 o B 71 4 i P 2 1 o AR AN e e R AN T Bk LR, DRI A AR
PURIN T (555 SR E BT . 26S 8 AR i — N2 & B /K AR R 1 A T BURL(20S 2 1
)M—A A S ATP BRI E S9(19S B E &M A k. o, 19S lEEAYH — M — e
G, #E—5r ATP BEIEFIEE ATP BE $07[21]. & ABEA 26S K, 3E ATP l§ 5 (PSMD5),
Bt h— . HAl, T PSMDS5 3 K 55 i St B A 2 18] 1) BB SRR S BN A BR - R0, R IR R
GUITE g% RSP ) GBI 7R, PSMDS W] RETE ik 5P 2 i (1) A s L R R FE R HEAE . BRI &, &
IR T (0 B 5 Pt R R A L R 20 . A TR T R ORI JE S I, X 4 g R 5 e P R i (1 B
AR DI OC, FRATHIR I AT BB LRSS, AR 75 22 50 2 BB 70 K B fi PSMD5 8 i 5k 2 i v (1) 2L A
YEFIHLH]

CD247 3£ [N 4wt T 41 52 /A (TCR) & &4 () CD3C &k, 75 T 4L IS A IS 5 4% 5 b R 4% B AT F [22]
CD3(¢ MG BTN RE S 3 7] S T QMOS0 210, M) G IS 10 TR EAT o — Tl 4 35k [R] 20 S R 5
(GWAS) 4 5E T 5 -EMG AN (22 N IE R A, o CD247 15 26 35k 4445 S5 m] R A4 58 3o ik i 1)
KK, CD247 JEpH () 2 251k 15 e (1) 5 PEAR 56 [23] . B 4h, WEF R I, SLfscikmens B ) CD247 FE
TR RER LA . TE— TR FEHp, ™ B AR £8 4 ) CD247 RIA/KF o BT B4, X 5A1m
SERFAU[24], FRARFAERENG KA I EEH

AWAFH SMR FSLE AL T8 G T 2450, e 108 Mg 1 B R DRUR R A4y o, JF
It FDR £ IEFD HEIDI M 45 R AR e AL 16 J1EdE o BRILZ Ab, ARBFFEAAE— 2L /IR PE . IR
AR 2 FE B0 £ AR T AR mQTL A eQTL b, AH % S SRR o 45 55 (10 M 30 75 4k S:45 2% . A 4t
AR FOREA F B T BRI AHE, X PR TR T4 SR NBEHE 1. Be)E, FRATI S R o ot <
R A=A SR A T SRR, EUBIE ThRE SR IG S0 UE FATT (0 R I A A 1

E&ME

U148 Rk T T A 51 H (No.2023Y FS0324) 2 1.«
= A

RIRAPHIEFE W] : ABFFAEAEAE (TR 20 R
S5
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