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Abstract

Systemic lupus erythematosus (SLE) is a polygenic chronic autoimmune disease leading to multiple organ damage. A large
heritability of up to 66% is estimated in SLE, with roughly 180 reported susceptibility loci that have been identified mostly
by genome-wide association studies (GWASs) and account for approximately 30% of genetic heritability. A vast majority of
risk variants reside in non-coding regions, which makes it quite challenging to interpret their functional implications in the
SLE-affected immune system, suggesting the importance of understanding cell type—specific epigenetic regulation around
SLE GWAS variants. The latest genetic studies have been highly fruitful as several dozens of SLE loci were newly discovered
in the last few years and many loci have come to be understood in systemic approaches integrating GWAS signals with other
biological resources. In this review, we summarize SLE-associated genetic variants in both the major histocompatibility
complex (MHC) and non-MHC loci, examining polygenetic risk scores for SLE and their associations with clinical features.
Finally, variant-driven pathogenetic functions underlying genetic associations are described, coupled with discussion about
challenges and future directions in genetic studies on SLE.
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Introduction

Systemic lupus erythematosus (SLE) is a chronic autoim-
mune disease, which damages multiple tissues and organs,
resulting from the production of autoantibodies to nuclear
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antigens [1]. The clinical manifestations of SLE are highly
heterogeneous, including cutaneous, musculoskeletal, renal,
hematologic, neurologic, and other diverse symptoms [1].
There have been continuous efforts to diagnose and charac-
terize patients with SLE based on diverse diagnostic criteria
since 1971 [2—4]. The 1997 revised American College of
Rheumatology (ACR) and the 2012 Systemic Lupus Inter-
national Collaborating Clinics (SLICC) criteria [2, 3] have
broadly been used for the classification of SLE patients.
These criteria for SLE are highly useful but showed subop-
timal performance in terms of sensitivity and specificity [3,
5]. The European League Against Rheumatism (EULAR)/
ACR criteria for SLE were newly developed for better clas-
sification of SLE in 2019, with improved performance with
a sensitivity of 96.1% and a specificity of 93.4% [4].

The prevalence and incidence rates of SLE vary widely
in the literature depending on ethnicity, geographic differ-
ences, and sex [6—8]. The highest prevalence and incidence
rates recorded were in Afro-Caribbean people living in the
UK (517.5 per 100,000 people; 31.5 per 100,000 person-
years), while SLE patients in certain countries have been
rarely observed (e.g., 3.2 per 100,000 individuals in India;
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0.3 per 100,000 person-years in Ukraine) [6]. These vari-
ations may result from various aspects involved in case
identification, data collection, the structure and policy of
health-care systems, socioeconomic inequalities and so on
[6]. Despite such variations in the reported prevalence and
incidence rates of SLE, it seems apparent that the inci-
dence and prevalence rates in people of African, Asian,
and Aboriginal origins are higher than those in people of
white ancestry [6-8]. About 90% of patients with SLE are
women of reproductive ages [6, 7, 9].

SLE develops in genetically susceptible individuals
exposed to environmental, sex-related, or endogenous trig-
gers [10, 11]. SLE-risk factors induce in concert abnor-
malities of the immune system, which generally include
(1) the hyperactivation of innate immunity by cellular and
external nucleic acids, (2) increased sensitivity to nucleic
acids and the production of anti-nuclear autoantibodies in
adaptive immunity, (3) reduced induction of regulatory
T-cells, and (4) ineffective clearance of immune complexes
and apoptotic cells [12]. Significant evidence of environ-
mental risk factors has been documented with respect to
exposures, such as cigarette smoking, ultraviolet radiation,
Epstein—Barr virus (EBV) infection, and silica dust, which
have contributed to both an onset of the disease and lupus
flares [10, 11, 13]. Considering that the majority of SLE
patients are women, it is likely that sex plays an important
role in SLE pathogenesis, possibly mediated by the altered
expression of genes escaping from X chromosome inacti-
vation and hormonal effects [14, 15].

Disease severity can be influenced by genetic factors,
environmental exposures, and socioeconomic status,
including the genetic burden of SLE risk, ethnicity, sex,
onset age, income level, education, health insurance, social
support system, and treatment compliance rates [6, 16,
17]. As compared with in white populations, severity and
mortality rates are higher in African-American popula-
tions [6]. Severe phenotypes such as lupus nephritis tend
to be more frequent among male patients and patients who
experience a childhood onset of their disease; these indi-
viduals have been known to show a greater SLE genetic
burden, relative to that in female patients and adult-onset
patients, respectively [16, 17]. Poverty, inadequacy of
education, lack of health insurance, poor social support,
and poor medication compliance rates are all associated
with disease outcomes, in conjunction with the influence
of ancestry or not [6].

To date, nearly 180 genomic loci have been identified
as associated with SLE susceptibility in genetic studies in
multiple ancestries [18-52] (Fig. 1A), accounting for up to
30% of liability in SLE patients [35, 36, 50]. Such genetic
findings can be used to estimate a degree of genetic risk for
SLE and to provide more effective drug targets [35, 36, 42,
53-59] (Fig. 1D). Despite remarkable advances in genetic
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studies on SLE in the past few decades, we learned that the
genetic variance explained by the identified SLE variants
is still far less than the known genetic heritability (hz) of
SLE [60, 61], which we refer to as the missing heritability.
In addition, the vast majority of identified risk variants are
present in the non-coding regions, which makes it difficult
to interpret their functions and disease-relevant genes in
SLE susceptibility loci, and suggest the importance of the
allele-specific regulatory effects of disease genes. Recent
genetic studies leverage diverse cell type—specific epigenetic
resources and other biological resources to draw better pic-
tures of the disease pathogenesis, thus updating the genetic
architecture of SLE [62—70]. This review attempts to provide
the most updated catalog of SLE-associated variants and
focuses on the recent advances in integrative genetic studies,
with discussions of current challenges and prospects.

Early findings in genetic association studies
in SLE

The estimated heritability of SLE ranges from 44 to 66% in
family studies [60, 61]. High sibling risk ratios (8 <A <29)
and high concordance rates between monozygotic twins
(20-40%) relative to dizygotic ones and non-twin full sib-
lings (2-5%) were observed in family-based cohort analyses
[71, 72], suggesting a strong contribution of genetic factors
to SLE and the importance of conducting genetic studies
on SLE.

Before the development of SNP-based genome-wide
association technology, nine genes were known to be causal
of SLE family-based approaches or candidate gene studies
[73]. All these genes have crucial roles in immune-related
functions [73] and include human leukocyte antigen (HLA),
C2, C4, Clgq, FCGR2A, FCGR3A, PDCDI, PTPN22, and
IRF5. For example, the deficiency of complement com-
ponent genes, including C2, C4, and Clgq, are also deeply
involved in the inefficient recognition of immune complexes,
reduced clearance of cell debris, and prolonged immune
stimulation [74, 75]. Most of the known SLE-risk variants
within these genes have low frequencies and large effect
sizes on the risk of SLE [73].

Genetic associations of the major
histocompatibility complex (MHC) region

Genetic variants within the MHC region at the short-arm
band 21.3 of chromosome 6 have shown strong associa-
tions with SLE in multiple ethnic groups [73, 76]. The
human MHC region is highly polymorphic, containing
the highest-density genetic variants, like SNPs, indels,
and copy number variations, under extremely extensive
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linkage disequilibrium (LD). There are more than 120
MHC-located genes including MHC class I genes (HLA-A,
-B, -C, -E, -F, and -G), class II genes (HLA-DP, -DM, -DO,
-DQ, and -DR), and class III genes (complement compo-
nents and others), most of which encode key members
in both innate and adaptive immune responses [77, 78].
The most significant SLE association in the MHC region
has been shown around and within the HLA-DRBI gene
encoding an HLA-DR f-chain of HLA-DR protein that
would play an important role in determining the immune
tolerance to self-antigens [11].

Extremely dense variants within HLA genes in the
MHC region in high LD construct long-range haplotypes
(so-called classical alleles) that produce qualitatively
and quantitatively distinct HLA molecules. Haplotype-
based approaches have discovered several HLA-DRBI
classical alleles, including HLA-DRB1*03:01 and HLA-
DRB1#15:01, involved in associations with SLE suscep-
tibility in multiple ancestries [34, 36, 38, 79-85], with
a high degree of allelic heterogeneity among different
ethnicities in terms of allelic frequencies and statistical
significance [11]. For instance, HLA-DRB1*03:01 is the
most SLE-risk allele in European ancestries [82], but not
common enough to detect its association in East Asian
SLE cohorts [34, 36, 38, 83]. An amino acid-level fine-
mapping analysis of HLA-DRBI using HLA imputation
identified that the amino acid positions 11, 13, and 26
at the epitope-binding pocket of HLA-DRBI1 provide
a better HLA-SLE association model, explaining the
previous association results at a classical allele level in
diverse populations [84]. A recent follow-up study in six
East Asian cohorts replicated the association of the hap-
lotype of amino acid residues at positions 11-13-37 (or
11-13-26) [85].

Upon conditioning on the HLA-DRBI associations,
other HLA genes (HLA-DPBI, HLA-DQAI, HLA-DQBI,
HLA-A, and HLA-B) and non-HLA genes (C4, MICB,
NOTCH4, TNXB, and SLC44A4) have been suggested to
have secondary independent association signals contribut-
ing to susceptibility to SLE [31, 38, 82, 85, 86], imply-
ing the complex SLE association architecture of the MHC
region. From a stepwise conditional regression analysis
of residues of HLA molecules in East Asian populations,
the following six amino acid positions were independently
associated with SLE: DRBI1-13, DRBI1-11, DRB1-26 or
DRB1-37, A-70, DPBI-35, DQB1-37, and B-9 (presented
in order of their significance) [85]. SLE-risk residues
at these positions were mainly large, hydrophobic, and
negatively charged, which might facilitate interaction with
many positively charged SLE autoantigens with T-cell
receptors in SLE patients [85]. As expected, some SLE-
risk amino acid positions in HLA-DRBI and HLA-DPBI
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were associated with the positivity of autoantibodies to
nRNP, Ro/La, ACL, or Sm [85].

With respect to non-HLA MHC genes, the copy num-
bers of C4A and C4B genes imputed from SNP data showed
shared effects on SLE-risk in large-size European and
African American cohorts, when adjusting for the HLA-
DRB1*03:01 allele [86]. A conditional analysis revealed
that HLA-DRB1*03:01 is no longer significant after control-
ling for the C4 alleles, taking advantage of an African cohort
where the HLA-DRB1*03:01 and C4 alleles were in a very
low LD [86]. Lower copy numbers of C4A and C4B exhib-
ited the strongest SLE risk in the human genome, explaining
sex-biased vulnerability in SLE [86]. The secondary asso-
ciations independent of the C4 alleles localized rs2105898
near HLA-DRBI1, a known eQTL for multiple neighboring
genes involved in SLE pathogenesis [86]. However, it needs
to further investigate C4-conditioned HLA-DRBI associa-
tion signals in an amino acid or multi-allelic association
model for HLA-DRBI in SLE because there remain strong
residual association signals within the MHC region inde-
pendent of the C4 alleles, the SLE-risk eQTL is in a high LD
with HLA-DRB1*15:01, and the association of multi-allelic
HLA-DRBI should be evaluated at a gene level to understand
disease-associated effects of all HLA-DRBI classical alleles
in a single association model [86].

Updates of non-HLA susceptibility
loci for SLE from recent genome-wide
association studies (GWASs)

High-throughput, cost-effective, genome-wide genotyping
technologies and well-defined landscapes of genetic vari-
ants and LD in the human genome have enabled research-
ers to analyze associations in population-scale cohorts,
shifting the research focus toward common variants with
small effect sizes on the risk of common complex diseases
like SLE [1]. Since 2007, there have been remarkable
achievements made in genetic studies on SLE [18-52],
bringing the number of non-HLA SLE susceptibility loci
to 179. The association summary statistics of the lead vari-
ants in SLE loci are provided in Table 1. The reported SLE
loci have modest effect sizes and explain about 30% and,
at most, 24% of total phenotypic variance in European and
East Asian studies, respectively [35, 36, 50].

Among the 179 non-HLA loci associated with SLE,
almost half have been reported by recent genetic studies
performed mostly in East Asian populations since 2018
[40-52], implying an importance of GWASSs involving
understudied non-European ancestries with relatively high
prevalence and severity. The latest international collabora-
tion effort was described in the largest-ever SLE genetic
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Table 1 List of 179 non-HLA loci associated with SLE

Variant Chr  Pos EA Reported gene OR PMID Pop Type
rs12093154 1 1,243,545 A CIQTNFI2 0.84 33536424 EAS+EUR Protein-altering
rs3795310 1 8,371,547 T RERE 0.88 33536424 EAS+EUR Non-coding
rs28411034 1 37,811,325 A MTFI 0.86 33536424 EAS+EUR Synonymous
rs6702599 1 67,359,716 C ILI2RB2 0.84 33536424 EAS +EUR;EUR;EUR+AFR+AMR  Non-coding
152476601 1 113,834,946 A AL137856.1, PHTFI, 1.43 26502338 EAS +EUR;EUR Protein-altering
PTPN22, RSBN1
rs9651076 1 116,500,680 A CD58, NAPIL4P1 1.12 33272962 EAS;EAS +EUR Non-coding
rs116785379 1 157,138,367 C ETV3 1.21 33272962 EAS Non-coding
rs11264750 1 157,527,370 G FCRL5 0.75 33536424 EAS;EAS + EUR Protein-altering
rs76107698 1 161,600,039 C AL590385.2, FCGR2A, 0.79 33272962 EAS;EAS + EUR;EUR;EUR + AFR Non-coding
FCGR2C +AMR
1rs2205960 1 173,222,336 T AL645568.1, 1.37 33272962 AMR;EAS;EAS + EUR;EAS + SAS;EU  Non-coding
AL645568.2, R;EUR + AFR + AMR
AL645568.3,
LOC100506023,
TNFSF4
1rs549669428 1 174,925,885 G RABGAPIL 0.84 33536424 EAS+EUR Non-coding
rs13306575 1 183,563,302 A NCF2, NMNAT2, 1.31 33272962 AMR;EAS;EAS + EUR;EUR;EUR+ A Protein-altering
SMG7 FR+AMR
rs10911628 1 184,680,369 A AL713852.1, EDEM3 1.95 24871463 EUR Non-coding
rs1547624 1 192,574,707 T AL390957.1 1.17 33536424 EAS Non-coding
rs4143303 1 198,701,340 A AL157402.1, PTPRC 0.88 33272962 EAS;EAS +EUR Non-coding
rs3806357 1 202,010,327 A ELF3 1.11 33272962 EAS Non-coding
rs4844538 1 206,469,377 A AL591846.1, IKBKE, 1.11 33272962 EAS;EAS + EUR;EUR;EUR + AFR Non-coding
IL10, IL19, SRGAP2 +AMR
rs9782955 1 235,876,577 C LYST 1.16 26502338 EUR Non-coding
rs1780813 1 246,280,780 T SMYD3 1.82 29848360 EUR Non-coding
1575362385 2 7,432,948 T LOC100506274 0.89 33272962 EAS Non-coding
157579944 2 30,222,160 T H3PS5, LBH 0.88 33272962 EAS;EAS +EUR;EUR+AFR+AMR  Non-coding
rs13385731 2 33,476,823 T RASGRP3 1.29 33272962 EAS Non-coding
rs1432296 2 60,841,032 A LINCO1185 1.18 28714469 EUR + AFR + AMR Non-coding
rs11126034 2 65,353,087 T SPRED?2 1.12 33272962 EAS;EUR Non-coding
rs10207954 2 73,989,388 A AS1, DGUOK, TET3 1.15 33272962 EAS;EAS + EUR;EAS +SAS Non-coding
1s73954925 2 111,119,597 C BCL2L11 1.17 33272962 EAS Non-coding
15218174 2 135,900,775 A DARS, LCT 1.12 33272962 EAS Synonymous
rs2381401 2 143,263,405 T ARHGAPIS5 1.15 33536424 EAS+EUR Non-coding
rs11679244 2 162,225,885 A FAP, IFIH] 1.12 33272962 EAS;EUR;EUR + AFR + AMR Non-coding
rs9630991 2 190,567,413 A ACI108047.1 0.85 33536424 EAS+EUR;EUR Non-coding
rs11889341 2 191,079,016 T STAT4 1.41 33272962 AMREAS;EAS + EUR;EAS + SAS;EU  Non-coding
R;EUR + AFR + AMR;SAS
157572733 2 198,065,082 T PLCLI 1.14 33272962 EAS Protein-altering
rs3087243 2 203,874,196 A CTLA4, ICOS 0.89 33536424 EAS+EUR Non-coding
157565158 2 212,729,246 T AC093865.1, ERBB4, 1.10 33272962 EAS;EAS + EUR;EUR Non-coding
IKZF2
rs438613 3 28,030,595 T CMC1I, LINC01967 0.92 33272962 EAS;EAS +EUR Non-coding
1rs9852465 3 58,479,456 G AC098479.1, 1.10 28714469 EUR;EUR + AFR + AMR Non-coding
ACI116036.2, PDHB,
PXK
1s7637844 3 72,176,765 A LINCO00870 0.88 33272962 EAS Non-coding
rs144104218 3 119,518,879 A CD80, TIMMDCI, 0.83 33272962 EAS;EAS + SAS;EUR;EUR + AFR Protein-altering
TMEM39A +AMR
1s564976 3 160,011,272 C ASI, ILI2A 1.14 26502338 EUR Non-coding
rs1317082 3 169,779,797 A LRRC34, MYNN 1.10 33272962 EAS Protein-altering
1s6762714 3 188,752,450 T LPP 1.16 27399966 EAS+EUR Non-coding
rs13101828 4 971,932 A DGKQ 091 33272962 EAS;EUR;EUR + AFR + AMR Synonymous
15231694 4 2,699,117 T FAM193A, TNIP2 1.11 33272962 EAS;EAS+EUR Non-coding
rs13116227 4 8,556,539 T ACI105345.1, GPR78 1.34 29494758 EAS Non-coding
rs113284964 4 40,305,570 G LINC02265 1.13 33272962 EAS Non-coding
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Table 1 (continued)

Variant Chr  Pos EA Reported gene OR PMID Pop Type
1s2855772 4 54,682,309 C KIT 1.40 29494758 EAS Non-coding
rs6533951 4 78,723,125 A LINC01094 1.11 33272962 EAS Non-coding
rs6841907 4 83,225,843 T C0Q2 091 33272962 EAS Non-coding
rs116940334 4 87,023,100 T AFFI1 0.83 33272962 EAS Non-coding
rs4643809 4 101,834,942 T BANK1 0.85 33272962 EAS;EUR;EUR + AFR + AMR Synonymous
rs58107865 4 108,140,462 C LEFI 0.80 33272962 EAS Non-coding
rs11724582 4 122,470,309 A IL2, 1121 1.14 28714469 EUR Non-coding
rs10018951 4 183,688,220 T TRAPPCI11 1.31 29494758 EAS Non-coding
1s7725218 5 1,282,299 A TERT 1.13 33272962 EAS Non-coding
rs6871748 5 35,885,880 C ACI112204.3, IL7R 0.89 33536424 EAS+EUR Protein-altering
152544920 5 100805670 A RN7SKP62, STSSIA4 112 33272962  EAS;EAS+EUR;EUREEUR+AFR  Non-coding
+AMR
rs74989671 5 128,398,268 G FBN2 1.54 32771030 SAS Non-coding
rs370449198 5 131,784,646 A FNIPI1 0.72 33272962 EAS Non-coding
1rs2549002 5 132,493,886 A IRF1 091 33272962 EAS Synonymous
rs6874758 5 134,093,501 C AC008608.1, TCF7 1.24 33272962 EAS;EAS + EUR;EUR Non-coding
rs10036748 5 151,078,585 T TNIPI] 1.19 33272962 AMR;EAS;EAS + EUR;EUR;EUR+A  Non-coding
FR+AMR
rs2421184 5 159,459,931 A LINCO01845 1.11 33272962 EAS Non-coding
rs2431697 5 160,452,971 T MIR3142, 1.24 33272962 EAS;EAS + EUR;EUR;EUR + AFR Non-coding
MIR3142HG +AMR
rs9503037 6 243,302 A AL035696.1, 0.88 33272962 EAS Non-coding
AL365272.1,
LOC285766
rs17603856 6 16,630,667 T ATXNI 1.14 27399966 EAS+EUR Non-coding
rs35789010 6 25,513,951 A CARMILI 1.46 28714469 EUR Synonymous
rs36014129 6 25,884,291 A H2AC3P, H2BP5 1.50 28714469 EUR Synonymous
rs10946940 6 27,592,808 A 471P, CD83P1, RNU6 145 24871463 EUR Non-coding
16457796 6 34,860,776 T ANKSIA, PPARD, 0.81 33272962 EAS;EAS +EUR;EAS +SAS;EUR;EU  Protein-altering
UHRFI1BPI R+AFR+AMR
rs34868004 6 36,747,254 CA CPNES 1.10 33272962 EAS Non-coding
1s597325 6 90,292,775 A BACH2 091 33272962 EAS;EAS +EUR Non-coding
rs548234 6 106,120,159 T ATGS5, PRDM1 0.82 33272962 EAS;EAS + EUR;EUR;EUR + AFR Non-coding
+AMR
rs9488914 6 116,369,686 T DSE 0.86 33272962 EAS Non-coding
rs148314165 6 137,908,901 G AL356234.2, 1.71 33272962 EAS;EAS + EUR;EAS +SAS;EUREU  Protein-altering
AL591468.1, R+AFR +AMR
BTF3L4P3,
LINC02528,
TNFAIP3
1$9322454 6 154,249,517 A IPCEF1 1.09 33272962 EAS Non-coding
rs702814 7 28,133,113 A JAZF1 1.14 26502338 EUR Non-coding
rs4598207 7 50,218,883 A AC020743.2, 1.33 33272962 EAS;EUR;EUR + AFR + AMR Non-coding
ACO020743.3,
C7o0rf72, IKZF1
rs13238909 7 67,611,386 A ST3AGLA4 0.85 29625966 EAS Non-coding
rs150518861 7 74,152,347 A EIF4H, LIMK1 1.66 29848360 EUR Non-coding
15117026326 7 74,711,703 T AC211433.2, 2.14 33272962 EAS;EAS + EUR;EUR + AFR + AM Non-coding
AC211433.3, R;SAS
GTF2IRDI,
LOCI101926943
rs77009341 7 75,559,377 C HIPI 2.01 29724251 EAS Non-coding
rs3757387 7 128,936,032 T AC011005.2, 0.69 33272962 AMR;EAS;EAS + EUR;EAS +SAS;EU  Non-coding
AC018639.1, R;EUR + AFR + AMR
AC025594.1,
AC025594.2, IRFS5,
TNPO3
1$2955587 8 8,240,557 G ALGILI3P, 1.11 28714469 EUR;EUR + AFR + AMR Non-coding
FAMS6B3P, PRAG1
rs2428 8 8,783,635 T MFHASI 1.13 29625966 EAS Non-coding
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Table 1 (continued)

Variant Chr  Pos EA Reported gene OR PMID Pop Type
1rs7819602 8 10,869,332 C ACO011008.2, XKR6 1.15 28714469 EUR Non-coding
1s2736332 8 11,482,456 C AF131216.5, BLK 1.36 33272962 EAS;EAS + EUR;EAS +SAS;EUR;EU  Non-coding
R+AFR +AMR;SAS
152272736 8 42,319,645 A IKBKB, PLAT 0.82 33272962 EAS;EUR + AFR + AMR Protein-altering
1s2953898 8 56,068,244 C RPS20 1.19 28714469 EUR + AFR+AMR Synonymous
rs142937720 8 70,417,931 A NCOA2 0.89 33272962 EAS Non-coding
rs17374162 8 71,982,724 A ASI, MSC 0.92 33272962 EAS Non-coding
rs4739134 8 78,643,913 T AC068700.2 1.12 28714469 EUR + AFR + AMR Non-coding
1s2445610 8 127,184,843 G CASCI9, PCATI 0.89 33536424 EAS Non-coding
rs16902895 8 128,413,347 A LINC00824 1.12 33272962 EAS;EAS +EUR Non-coding
rs1887428 9 4,984,530 C JAK2 0.92 33272962 EAS;EAS+EUR Non-coding
1s7858766 9 21,267,088 T IFNA22P 1.14 33272962 EAS Synonymous
rs1405209 9 99,823,263 C AL162394.1, 1.11 33536424 EAS +EUR;EUR + AFR + AMR Synonymous
AL359710.1, AS1,
NR4A3, STX17
1rs77448389 10 5,868,783 A ANKRD16 0.86 33272962 EAS Non-coding
rs7097397 10 48,817,351 A AC060234.3, LRRCIS, 0.81 33272962 EAS;EAS + EUR;EAS +SAS;EUREU  Protein-altering
PCDHI15, WDFY4 R+AFR+AMR
rs7902146 10 62,041,271 T ARID5B 0.90 33272962 EAS;EAS +SAS;EUR Non-coding
1510995261 10 62,651,528 T AC024598.1, 091 33272962 EAS;EAS+EUR Non-coding
AC067752.1,
ZNF365
rs10823829 10 71,706,952 T CDH23 091 33272962 EAS;EAS+EUR Synonymous
rs4917385 10 103,243,964 T RPELI, STI13P13 0.72 26606652 AMR Non-coding
rs111447985 10 103,918,153 A STN1 1.17 33272962 EAS Non-coding
rs58164562 10 110,904,356 T BBIP1 0.89 33272962 EAS Non-coding
rs1131665 11 613,208 T CDHRS, IRF7, 1.19 28714469 EAS +EUR;EUR;EUR +AFR+AMR  Protein-altering
MIR210HG, PHRFI
1rs3750996 11 4,091,970 A STIM1 1.17 33272962 EAS Non-coding
1s77885959 11 18,340,835 T GTF2HI 1.69 33272962 EAS Protein-altering
1s2785198 11 35,071,482 A AL356215.1, 1.18 33272962 EAS;EAS + EUR;EUR;EUR + AFR Non-coding
LOC100507144, +AMR
PDHX
rs10896045 11 65,788,053 A AP5BI, OVOLI 1.17 33272962 EAS;EAS +EUR Non-coding
14930642 11 69,048,902 A TPCN2 1.15 33272962 EAS Non-coding
1rs3794060 11 71,476,633 C NADSYN1 1.23 26502338 EUR Protein-altering
1577971648 11 72,929,435 T AP002761.2, FCHSD2 1.29 33272962 EAS Protein-altering
1rs377392985 11 118,780,114 CAAAAAAAAA AP002954.1, DDX6 1.16 33272962 EAS Non-coding
rs9736939 11 128,435,976 A AP001122.1, ETSI, 1.27 33272962 EAS:;EAS 4+ SAS;EUR;EUR + AFR Non-coding
LINC02098 +AMR
rs2540119 12 4,031,710 T PARPI11 1.09 33272962 EAS Non-coding
rs4251697 12 12,721,528 A ACO008115.2, 0.64 33272962 EAS;EAS +SAS Non-coding
CDKNIB, CREBL2,
GPRI19, GPR19/
CDKNIB
rs4622329 12 101,928,157 A DRAM1 1.12 33272962 EAS;EAS +SAS Non-coding
rs6539078 12 103,522,302 T AC084364.3, 0.89 33272962 EAS;EAS +EUR Non-coding
AC084364.4,
LOCI105369945
1s77465633 12 111,495,741 A ATXN2 1.34 33272962 EAS;EUR;EUR + AFR + AMR Non-coding
153999421 12 120,930,715 A CABPI, 091 33272962 EAS;EAS+EUR Non-coding
XLOC_009911
rs11059928 12 128,811,558 A SLCI15A4 0.82 33272962 EAS;EUR;EUR + AFR + AMR Protein-altering
15200521476 12 132,463,596 G FBRSLI 0.88 33272962 EAS Non-coding
1s57141708 13 41,001,255 A ELF1 1.18 33272962 EAS;EAS +SAS Non-coding
1s76725306 13 49,603,317 A AL135901.1, RCBTBI  1.16 33536424 EAS+EUR Non-coding
rs1885889 13 99,439,046 G ALI36961.1, TM9SF2  0.87 33536424 EAS;EAS+EUR Non-coding
rs911263 14 68,286,876 C RADS5IB 0.89 28714469 EUR;EUR + AFR + AMR Non-coding
rs11845506 14 87,916,691 C GALC 5.00 28714469 AFR Non-coding
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Table 1 (continued)

Variant Chr  Pos EA Reported gene OR PMID Pop Type

rs12148050 14 102,797,451 G TRAF3 091 33536424 EAS+EUR Non-coding

152819426 14 104,945,922 C AHNAK?2, AHNAK2/ 0.82 33272962 EAS Protein-altering
PLD4

rs7170151 15 38,554,477 T FAM98B, RASGRP1 1.11 33272962 EAS;EUR Non-coding

rs11553760 15 74,798,906 T CSK, SCAMPS 1.11 33272962 EAS:EAS+EUR;EUR Synonymous

rs869310 15 77,537,964 G AC046168.1, 0.88 33536424 EAS+EUR Non-coding
AC046168.2

rs8023715 15 97,064,451 A LINCO02253, 1.81 24871463 EUR Non-coding
RN7SKP181

1s35985016 15 100,988,807 A LRRK1 0.84 33272962 EAS Protein-altering

1s34361002 16 11,096,177 T CIITA, CLECI6A 1.14 33272962 EAS:EUR;EUR +AFR + AMR Synonymous

1s79401250 16 23,860,136 T PRKCB 1.17 33272962 EAS Non-coding

1rs534645300 16 30,802,134 A AC093249.1, PRR14, 0.81 33272962 EAS Non-coding
ZNF629

1s34572943 16 31,261,032 A ITGAM, ITGAX 1.68 28714469 AMR;EAS + EUR;EUR;EUR + AFR Protein-altering

+AMR

rs11288784 16 50,055,296 G HEATR3 0.90 33272962 EAS Protein-altering

1s669763 16 57,356,566 C ACI08081.1, CCL22 1.12 33272962 EAS;EUR + AFR + AMR Non-coding

rs2731783 16 58,219,556 A CSNK2A2 1.12 29625966 EAS Non-coding

1528410471 16 68,520,852 A 36P, RNU4, ZFP90 1.13 33272962 EAS;EAS +EUR;EUR+AFR+AMR  Non-coding

rs11376510 16 79,711,775 G MAFTRR 0.90 33272962 EAS Non-coding

rs11117432 16 85,985,665 A AC092723.3, 0.73 33272962 EAS;EAS + EUR;EUR;EUR + AFR Non-coding
AC092723.4, +AMR
AC092723.5, IRF8

rs933717 16 87,381,644 T MAPILC3B 0.13 29044928 EAS Non-coding

152286672 17 4,809,322 T PLD2 1.25 26502338 EUR Protein-altering

1s61759532 17 7,337,072 T AC026954.1, ACAP1 1.24 33272962 EAS;EUR Non-coding

1rs35966917 17 16,936,587 A TNFRSF13B 091 33272962 EAS Non-coding

1rs4252665 17 39,729,130 A ERBB2, IKZF3, 1.46 28714469 EUR;EUR + AFR + AMR Protein-altering
MIEN1

rs114038709 17 45,379,362 T AC003070.2, ARH- 1.16 29848360 EUR Non-coding
GAP27

152671655 17 49,390,658 T LOC102724596 1.09 33272962 EAS Non-coding

rs8072449 17 75,316,103 A ACO011933.4, GRB2, 1.19 28714469 EUR;EUR + AFR + AMR Non-coding
SLC25A19

rs113417153 17 78,377,098 T PGS1 0.89 33272962 EAS Non-coding

rs1788097 18 69,876,452 T CD226 1.10 33272962 EAS Protein-altering

rs118075465 18 79,626,912 A LOC284241 1.14 33272962 EAS Non-coding

1s2238577 19 948,532 T ARID3A 0.89 33272962 EAS Non-coding

rs4807205 19 2,167,879 G DOTIL 1.12 33493351 EAS+EUR Non-coding

1s5826945 19 6,697,077 A C3 0.84 33272962 EAS Non-coding

1$55882956 19 10,359,243 A TYK2 0.67 33272962 EAS;EAS + EUR;EUR;EUR + AFR Protein-altering

+AMR

152362475 19 16,329,024 A AC020917.3, KLF2 0.85 33493351 EAS Non-coding

1511673604 19 18,430,178 IQCN, JUND, 1.14 33272962 EAS;EAS + EUR;EUR+AFR+AMR  Synonymous
LRRC25, SSBP4

rs12461589 19 32,581,862 T ANKRD?27, PDCD5 0.90 33272962 EAS;EAS +EUR Non-coding

1s33974425 19 49,348,489 CCAGCTGCAT SLC6A16, TEAD2 1.12 33272962 EAS;EAS +EUR Protein-altering

187251 19 49,659,652 C IRF3 0.88 32,719,713 EAS Protein-altering

rs4801882 19 51,623,800 A SIGLECS 0.88 33272962 EAS Protein-altering

rs10419308 19 55,228,445 A AC010327.5, 0.84 33536424 EAS + EUR;EUR + AFR + AMR Synonymous
AC010327.6,
TMEMS6B

rs6074813 20 1,561,106 T AL049634.2 1.12 33536424 EAS+EUR Protein-altering

154810485 20 46,119,308 A CD40 1.43 28714469 EUR+AFR +AMR Non-coding

rs11697848 20 49,958,778 T 147P, KRT18P4, 2.12 24871463 EUR Non-coding
RNU6

154819670 22 18,166,589 T USPI8 1.15 33272962 EAS Protein-altering
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Table 1 (continued)

Variant Chr  Pos EA Reported gene OR PMID Pop Type
rs4821116 22 21,619,030 T CCDC116, UBE2L3, 1.24 33272962 EAS;EAS + EUR;EUR;EUR + AFR Protein-altering
YDJC +AMR
rs9611155 22 39,343,182 T SYNGRI1 1.14 33272962 EAS Non-coding
rs137956 22 39,897,459 C ENTHDI, GRAP2 1.14 28714469 EUR + AFR + AMR Non-coding
rs6641111 X 12,821,671 C PRPS2 1.19 33272962 EAS Non-coding
rs887369 X 30,559,729 C CXorf21 1.15 26502338 EUR Synonymous
rs13440883 X 53,072,295 C GPRI173 1.16 29724251 EAS Non-coding
rs5914012 X 56,882,269 T NBDY 1.10 33272962 EAS Synonymous
rs143181706 X 150,504,983 T MAMLDI 1.50 30679154 EAS Non-coding
151059702 X 154,018,741 A IRAKI, MECP2, 1.36 33272962 AMR;EAS;EUR Protein-altering
TMEM187

All information on the SLE variants was retrieved from GWAS catalog (https://www.ebi.ac.uk/gwas/) and recent association studies on SLE
[18-52] when surpassing the genome-wide significance threshold of p<5x 1078, SLE loci were defined after merging significant SLE variants
within 300 kb around each variant. The most significant variant in the largest cohort study for each locus is provided in the table. We excluded
variants in the extended major histocompatibility complex (MHC) region on 28-34 Mb in chromosome 6 in the human genome assembly hg38.
A locus containing any protein-altering LD proxies (12> 0.8) of a lead variant in any reported populations is defined as protein-altering. A locus
containing only synonymous or non-coding LD proxies (r>> 0.8) in any reported populations is defined as synonymous. A locus without any LD
proxies (r>>0.8) in coding sequences in any reported populations is defined as non-coding. Chr chromosome, Pos chromosomal position (hg38),
EA effect allele, OR odds ratio estimated in the genetic study with the largest sample size, PMID PubMed ID of the largest study, Pop popula-
tions where significant associations were detected in all previous studies (Populations analyzed in different studies were separated by semi-
colons. Populations meta-analyzed in a single study were denoted by plus signs.), Type annotation of each locus

association study of East Asian populations (n=208,370)
consisting of Korean, Chinese, and Japanese participants
that led to the identification of dozens of novel SLE loci
(up to 46 loci) [50]. Another East Asian study published
1 month later was also very successful, discovering more
than 30 SLE susceptibility loci [52], many of which over-
lapped with those detected in the aforementioned East
Asian study [50].

Genetic association analyses followed by functional anno-
tation and statistical analyses for gene prioritization sug-
gested plenty of genes that potentially play pathogenic roles
in aberrant immunity and cellular processes in SLE. Genes
involved in the positive regulation of the type I IFN (IFN1)
pathway (e.g., STAT4, IRF3, IRFS5, IRAKI, and TNFAIP3)
have been reported as plausible causal genes for SLE-risk
[20, 21, 23, 33, 47]. For instance, genetic analysis pinpointed
IRF3 to be most likely causal because the SLE-associated
variant rs7251 was annotated as having both protein-altering
and expression regulatory effects on IRF3 [47]. In addition,
the same variant was associated with lupus nephritis, indi-
cating that /RF3 may play a key role in the development
of SLE and its manifestations possibly by upregulating the
IFN1 pathway [47].

Similarly, other genetic elements in lymphocyte signal-
ing (e.g., PTPN22, BLK, BANKI, and LRRK1) were also
suggested to be SLE-driving genes [18, 20, 23, 50]. Among
them, LRRKI, encoding a multiple-domain leucine-rich
repeat kinase, contributes to the pathogenesis of SLE by
deteriorating the function of B-cells and modulating the
B-cell receptor—-mediated NF-kB signaling pathway [50,

87]. By association fine-mapping of SLE-associated variants
based on a Bayesian statistical method (Fig. 1B), Yin et al.
successfully prioritized the missense variant (rs35985016)
in LRRK1 with a remarkably highly posterior probability to
be causal in the locus [50].

Genes involved in clearing apoptotic cells and immune
complexes (e.g., FCGR2A, ITGAM, and NCF1) have been
well confirmed concerning their genetic associations with
SLE [19, 31, 39]. Of particular noteworthiness is the mis-
sense variant rs201802880 in NCFI that was identified
as one of the largest-effect SLE-risk variants through an
immune-loci genotyping array (known as Immunochip)
in multi-ethnic populations (odds ratio: 2.0-3.8) [39]. The
SLE-risk allele of rs201802880 in NCFI resulted in the
reduced production of reactive oxygen species (ROS) [39,
88]. Despite the great size of its genetic effect on SLE, the
association of the NCFI locus was discovered somewhat
recently because most previous GWAS arrays did not cover
the region with a genetically complex segmental duplication
[89]. Moreover, a gene deletion in NCF1 was reported to
increase the risk of SLE in East Asian and European sub-
jects, but more than three copies of the gene showed a pro-
tective effect against developing SLE in various populations,
consistently supporting the role of lowered ROS production
in the pathogenesis of SLE [39].

An expression enrichment analysis of the genes within
SLE-associated loci highlighted lymphoid immune cells
where SLE-locus genes were expressed significantly more
[36, 90]. In addition, significant enrichments were observed
in non-immune tissues including musculoskeletal, digestive,
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respiratory, and stomatognathic tissues. The genetic evi-
dence of the involvement of non-immune tissues implies
various manifestations of SLE in multiple organs [90]. For
gene sets, immune-related pathways mediated by cytokines,
Toll-like receptors, and B- and T-cell receptors showed the
greatest enrichment of SLE-locus genes [36, 52, 90].

Polygenic risk score (PRS) and clinical
application

As the reported GWAS variants confer small to moderate
increases in the risk of SLE, PRS for individuals might be
an informative way to estimate the individual-level genetic
burden in translational research and clinical application [91,
92] (Fig. 1D). PRS is usually calculated as a sum of the
actual numbers of risk alleles weighted by reported log odds
ratios of the corresponding risk alleles [91, 92].

A few studies have assessed PRS for SLE to investigate
the association between cumulative PRS and disease mani-
festations or disease severity [35, 55-59]. An early study on
the relationship between PRS and SLE phenotypes demon-
strated that several traits, including autoantibody produc-
tion and age at diagnosis, were associated with high PRS
in a Caucasian population [56]. Consistently, significantly
higher PRS was observed in childhood-onset compared
with adult-onset SLE patients in Korean and multi-ancestry
cohorts [57, 59]. In addition, patients with early SLE onset
are prone to showing more severe symptoms, such as pro-
teinuria, malar rash, anti-double-stranded DNA antibody,
hemolytic anemia, arthritis, and leucopenia regardless of
their ethnicity, sex, or disease duration [55]. Recent large-
cohort PRS studies reconfirmed that an individual with a
high PRS for SLE appeared more likely to have severe SLE
phenotypes involving increased anti—double-stranded DNA,
and higher prevalence of organ damage, including end-stage
renal disease (ESRD) and proliferative nephritis [58, 59]. A
survival analysis showed that overall mortality was elevated
with increasing PRS [58]. In addition, the mean survival
until the first organ damage, cardiovascular event, and ESRD
onset was decreased in the patients with higher PRS [58].

Despite shared susceptibility loci across populations, an
estimated effect size of a single lead GWAS variant could be
heterogeneous because the GWAS variant is not necessarily
a causal variant and may differently correlate with actual
casual variants in different populations [93]. Such incon-
sistent effects of GWAS variants can generate biased PRS
estimates in various ethnicities, returning the suboptimal
predictive power of PRS. Therefore, pinpointing the true
shared signals is important for improving the trans-ancestry
portability of PRS.

A recent study suggested a method of leveraging cell
type—specific regulatory elements to prioritize shared
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functional variants [94]. Amariuta et al. could prioritize
the most likely causal variants based on their per-variant
heritability and localization to cell type—specific transcrip-
tion factor—binding motifs in both European and East Asian
populations [94]. PRS from the prioritized variants on func-
tional annotations was better performed in a cross-validation
analysis in the trans-ancestry PRS model (trained in a Euro-
pean cohort, tested in an East Asian one) as compared with
PRS from unprioritized, lead variants [94]. Besides cap-
turing shared causal variants, the predictive power of PRS
might be enhanced by the dissection of PRS rather than sum-
ming up all risk variants. In a Swedish cohort, the potential
advantage of using pathway-based PRS was demonstrated
to stratify patients with SLE [95].

Functional implications of non-coding SLE
variants

Recent association studies have provided substantial updates
of the genetic architecture of SLE with insights into mecha-
nisms underlying the development of SLE. However, func-
tional and pathological interpretations from genetics asso-
ciations are challenging by the given nature of SLE variants’
locations. Only a minor portion of total risk loci (34/179
loci; 19.0%) contains at least one protein-altering variant
genetically correlated with lead variants (r*> 0.8; Fig. 2).
Most of the SLE loci explain the disease association using
only non-coding variants.

Changes in the expression level of causal genes by dis-
ease-causal non-coding variants are supposed to be observed
in SLE-relevant cell types if an analysis is performed in an
extremely large (infinite-size) cohort. However, relatively
small sample sizes in most transcriptomics studies may not
be statistically powerful enough to identify a weak to mod-
erate regulatory effect of a disease variant, especially the
variant that indirectly regulates gene expression by induc-
ing complex epigenetic changes [96]. Indeed, evidence does
not have exist for many non-coding SLE variants about
direct correlations with neighboring gene expression levels
[97, 98], suggesting indirect (or mediated), hidden regula-
tory functions mediated by various expression regulators.
For example, a recent study employing a massive paral-
lel reporter assay systemically examined the regulatory
effects of 3073 GWAS variants in 91 SLE loci; the flanking
sequences around 482 variants showed enhancing activity
in a B-cell line and 51 variants in only 27 risk loci (e.g.,
rs3101018 in C4A) led to differential expression according
to allele dosage [67].

Moreover, it has been reported that such regulations by
genetic variants on the gene expression occur frequently
in the distal regions of promoters [62, 65]. According to
Su et al., 8.5% of SLE-SNPs in open chromatin regions
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Fig.2 Genomic distribution and functional annotation of SLE asso-
ciation signals. Non-HLA loci listed in Table 1 are shown in the
human chromosome ideogram with the information on functional
annotations of SLE-associated variants. The gene density is visual-
ized by color gradation using the R package Rldeogram. A locus con-
taining any protein-altering LD proxies (>>0.8) of a lead variant in

interacted only with the nearest genes, and more than 60% of
accessible SLE-SNPs connected with distant genes instead
of the nearest one [65]. Similarly, Chandra et al. reported
that promoter-interacting eQTLs distant from their targets
genes were more frequent than promoter eQTLs in transcrip-
tion-activating sites (H3K27ac marks) of immune cells, even
leading to cell-type specificity in expression [62]. To dissect
the molecular and cellular consequences stratified by dis-
ease variants within regulatory elements, up-to-date genetic
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any reported populations is marked as protein-altering. A locus con-
taining only synonymous or non-coding LD proxies (r*>0.8) in any
reported populations is marked as synonymous. A locus without any
LD proxies (r>>0.8) in coding sequences in any reported populations
is marked as non-coding

studies on SLE have used various approaches, retrieving
other biological resources including gene expression, DNA
methylation, histone modifications, chromatin accessibility,
and microRNA [62-64, 90] (Fig. 1C).

By comprehensive genetic profiling using epigenomic
analysis, three-dimensional chromatin structure analysis,
and genome-editing perturbation, a non-coding variant,
1rs2431697, on chromosome 5 was recently reported as likely
causal for SLE [63]. This study identified that the variant
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located 15 kb upstream of the miR-146a gene overlaps with
a CD14* monocyte-specific epigenetic feature, including
chromatin immunoprecipitation followed by sequencing
(ChIP-seq) peaks for H3K4mel and H3K27ac and assay
for transposase-accessible chromatin using sequencing
(ATAC-seq) peaks [63]. The enhancing activity of the region
around the SLE-risk variant was validated in genome-editing
experiments and transcription-activating/-inhibiting dCAS9
systems. Indeed, the variant-located enhancer formed cog-
nate loops with an miR-146a promoter, and the SLE-risk
152431697 allele down-regulated the expression of miR-
146a by differentially modulating the regional chromatin
state and NF-kB binding affinity to attenuate the activation
of the IFN1 pathway in SLE patients [63].

The importance of the IFN1 pathway, already long-estab-
lished in SLE pathogenesis, was re-emphasized in another
recent DNA methylation quantitative trait loci (meQTL)
study [64]. DNA methylation profile analysis in 548 SLE
patients and 587 controls identified that methylation levels at
IFN1-signature genes were significantly decreased in SLE,
showing the largest difference between cases and controls
[64]. Moreover, meQTLs for such differentially methylated
elements were enriched within SLE GWAS loci, including
PTPRC (CD45), MHC-class I1I, UHRFIBP1, IRFS5, IRF7,
IKZF3, and UBE2L3 [64]. For instance, a non-coding vari-
ant rs7444 in the 3°’UTR of UBE2L3 was identified to have
a meQTL effect on DNA methylation in the UBE2L3 pro-
moter that may mediate the altered expression of the gene
indirectly in an allele-specific manner [64]. Similar find-
ings were reported by CD4" T-cell inter-omics study in
rheumatoid arthritis, which shares a large portion of risk
alleles with other autoimmune diseases such as SLE [99];
Ha et al. observed a considerably high enrichment of SNP-
based heritability of rheumatoid arthritis on the methylated
regions correlated with rheumatoid arthritis—specific gene
expression levels in CD4% T-cells, which suggests that dis-
ease variants may shape the rheumatoid arthritis—specific
transcriptomic features by the mediation of allele-specific
DNA methylation [99].

In the same context, integration of omics data with
genome-wide association statistics appears also to be help-
ful in prioritizing effector genes at SLE loci when multi-
ple genes are closely located around the SLE-associated
variant. Recently, high-resolution mapping for SLE variant
accessibility and gene connectivity was accomplished by
a promoter-focused capture-C analysis in follicular helper
T-cells (Tgy), which play a crucial role in the production of
anti-nuclear antibodies [65]. For example, rs527619, a proxy
SNP of an SLE variant in AP002954.1, interacted exclu-
sively with the promoter of CXCR5 instead of other genes,
such as BCLIL, in the same locus [65]. It is also possible that
a single functional variant regulates multiple genes. The risk
allele of rs34330 on CDKN1B modulated the expression of
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multiple neighboring genes (including CDKNIB, APOLDI,
and DDX47) by influencing the binding of histone marks,
RNA pol 1II, and the key immune regulator IRF-1 [100].
The rs34330-deleted cell lines presented the elevated level
of proliferation derived by cell type—specific regulation of
CDKNIB and nearby genes, implying an impact of the locus
on cell cycle progression [100].

Remarkable occupation of EBV-encoding
EBNA2 protein at SLE loci

EBYV infection is a strong SLE-risk factor implicated in the
epidemiology of the disease, increasing the prevalence of
childhood SLE by as much as 50-fold [101-104]. However,
pathophysiological mechanisms underlying the interac-
tion between EBV infection and host genetic factors have
remained unclear. Surprisingly, ChIP-seq in B-cells, the tar-
get cell types of EBV infection, revealed that 26 out of 52
European SLE loci contained the binding sites of both an
EBV-encoding protein EBNA2 and many human TFs [66].
In particular, the sequences intersecting EBNA2 ChIP-seq
peaks were largely occupied by NF-xB components such
as RELA, RELB, NFKB1, and NFKB2 [66], constitut-
ing super-enhancers able to proliferate and activate EBV-
infected B-cells [105]. Allele-specific differential binding of
the EBNA2-mediated protein complexes by SLE-associated
genetic variants was validated through ChIP-seq and quan-
titative polymerase chain reaction (qQPCR) analyses in EBV-
infected B-cells, which resulted in allele-specific expres-
sions of nearby genes involving IKZF2, CLECI16A, BLK,
MIR3142 and HLA-DQBI [66]. Consistently, an East Asian
SLE GWAS revealed a significant enrichment of EBNA2
binding sites in 17 loci among 46 newly identified loci [90],
confirming a cellular role of EBV infection in B-cells in SLE
pathogenesis.

Challenges and future directions of SLE
genetics

Unraveling the complex etiology of SLE with highly het-
erogenous manifestations is the ultimate goal of popula-
tion-based SLE genetics, aiming eventually to develop
better strategies for the identification of SLE-susceptible
individuals and the clinical application for various preci-
sion medicine topics, especially considering effective thera-
peutic drugs, prognosis, and lupus flare (Fig. 1). Although
geneticists have undertaken enormous efforts to increase the
sample sizes in GWASs [18-52], it is skeptical that GWASs
will eventually explain the entire heritability in SLE, con-
sidering the imperfect coverages of GWAS arrays; potential
non-additive effects; and the insufficient statistical powers,
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especially for small effect sizes of risk alleles with low to
rare frequencies [93]. A Bayesian inference analysis pre-
dicted the existence of additional hundreds of risk variants
with small effect sizes in other polygenic autoimmune dis-
eases [106]. Indeed, we are observing that recent large-scale
GWASSs continue to identify new SLE variants mostly with
common frequencies and only small effect sizes (risk-allele
odds ratio < 1.2) around the genome-wide significance
threshold, with an almost negligible addition to the reported
SNP-based heritability in SLE [42, 43, 50-52].

However, the efforts in GWAS must be recognized and
continued to identify more SLE variants. SLE-risk variants
explain many clinically relevant disease pathways, drug tar-
gets, and cell types in actual human patients with SLE. A
small increase in GWAS variants can dramatically increase
the statistical power to understand the disease’s biology. For
instance, a gene-set enrichment analysis using the Reactome
pathway in a recent East Asian GWAS (n=208,370) could
provide better enrichment results for known SLE pathways
including IFN1 signatures than those of exactly the same
gene-set enrichment analysis in a recent trans-ancestral
GWAS (n=35,369), even identifying novel SLE-related
pathways related to interleukins, type II IFN signatures,
TRAF6-mediated IRF7 activation, and so on [52, 90].

Open international collaboration networks deploying
secured interoperable analysis platforms are much needed to
maximize the sample sizes with existing data or association
summary statistics. It is also important to analyze under-
studied populations where SLE-risk alleles may be more
common, possibly enough to be detectable. In addition, there
might be opportunities to apply new statistical methods for
genetic association testing to better control false-negative
and false-positive findings, accounting for potential con-
founding factors. For example, two recent methods, GWAX
and LT-FH, preserve valuable family histories by merging
unaffected individuals with a family history of disease into
disease cases and estimating disease liability as a continuous
value based on both the case—control status and the configu-
ration of family history, increasing statistical power [107,
108].

Current SNP genotyping for genetic association studies
has been performed primarily by SNP arrays due to rela-
tively low cost, high accuracy, and high genome coverage
[93], and the decreasing sequencing cost of next-generation
sequencing technologies will allow researchers to investi-
gate entire variations in the human genome including SNP,
indel, and copy number variations in genetically complex
loci, with an almost perfect genome coverage even in the
recombination hotspots.

Future GWAS will be much more strongly required to
integrate with multiple omics data for dissecting heteroge-
neity of immune-related cells and unraveling their regula-
tory functions. As valuable biological resources and new

technologies accumulate, we will have better opportunities
to explore the intricate nature of SLE, although there are
many technical challenges in the integration of different
data types. For instance, one of the latest large-scale eQTL
studies illustrated dynamics in eQTL effects in the context
of both cell types and immunological conditions, which
could be a useful resource to understand immunogenetic
mechanisms in SLE [109]. Similarly, a few single-cell tran-
scriptomic analyses in SLE have been performed to dissect
signature cells involved in SLE inflammation [110, 111]. A
single cell-based analysis combining with epigenetic and
phenotypic data was able to identify two distinct subpopula-
tions of low-density granulocytes, which are correlated with
several clinical features such as renal function and proteinu-
ria, confirming previous results as a pathogenic neutrophil
subset [110]. IFN-stimulated genes were over-expressed in
SLE, especially with high disease activity, by an expansion
of IFN-expressing immune cell subpopulations [111], sup-
porting a genetic association of IFN1-related loci. Further
genetic studies with single-cell transcriptomics technology
will be conducted to evaluate the effects of GWAS variants
in each type of cells in the relevant organs including immune
and nonimmune organs.

Many immune-mediated diseases share many risk loci
with the same directional effect, exhibiting high genetic cor-
relations [112-115]. A recent study by Peyrot et al. devised
a new method called case—case GWAS (CC-GWAS) to
test differences in allele frequencies and measure a genetic
distance between similar diseases using summary statis-
tics [116]. These authors illustrated the advantage of CC-
GWAS using GWAS results in several psychiatric disorders,
identifying 72 novel case—case loci [116]. A cross-disease
association meta-analysis and heterogeneity analysis among
autoimmune diseases could provide new insights regarding
disease-shared and disease-specific biology in SLE.

There is growing evidence of dysbiosis in autoimmun-
ity [117-119] and significant tissue-specific expressions of
SLE GWAS genes in gastrointestinal tissues [90]. Human
gut microbiota may play a role in the onset stage of SLE,
contributing to inflammation, hyperactivity of gut-asso-
ciated lymphoid tissues, abnormal T-cell differentiation,
and the loss of self-tolerance. To understand how micro-
biota contribute to the etiology of SLE, intestinal micro-
bial profiles, such as microbial diversity, disease-specific
taxa, and microbial metabolites should be examined in
SLE. There have been a few attempts to characterize the
microbial composition in SLE patients. The lower richness
of the gut microbiome has been consistently observed in
patients with SLE [119-121]. An increased abundance of
genera in Actinobacteria, Bacteroidetes, Firmicutes, and
Proteobacteria was reported in SLE, whereas counts of
several organisms belonging to genera in Firmicutes were
significantly depleted [120, 121]. However, these alterations
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of microbiota in autoimmune patients could be a disease-
driving source, a mediator, or just a secondary outcome of
a disease. Further investigation in SLE would be required
to evaluate the interaction between host genetic factors and
the gut microbiome.

In recent years, we have witnessed considerable progress
in the genetics of SLE, including in the areas of identifying
numerous susceptibility loci, fine-mapping causal signals,
and elucidating the functions of disease variants in biologi-
cal systems. Even more active and well-designed genetic
works with the integration of various omics data in disease-
driving tissues are underway and will drive the next break-
throughs in SLE genetics, enhancing our understanding of
the pathogenetic mechanisms of the disease and improving
our ability to apply precision medicine strategies for patients
with SLE.
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