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Abstract

Systemic lupus erythematosus (SLE) is a prototypic systemic autoimmune disorder. Considerable
progress has been made to delineate the genetic control of this complex disorder. In this review,
selected aspects of human and mouse genetics related to SLE are reviewed with emphasis on
genes that contribute to both innate and adaptive immunity and to genes that contribute directly to
susceptibility to end organ damage. It is concluded that the interactions among these two major
pathways will provide further insight into the pathogenesis of SLE. An interactive model of the
two major pathways is proposed without emphasis on the importance of breaking tolerance to
autoantigens.

Systemic lupus erythematosus (SLE) is considered to be a prototype of systemic
autoimmune disorder. It is characterized by the presence of autoantibodies with complex
specificities and protean clinical presentations at the initial diagnosis and relapses [1]. Both
genetic and environmental factors play significant roles in its pathogenesis. The high
heritability of human SLE and a higher disease concordance rate in monozygotic twins
support a strong genetic contribution to the development of SLE [2¢]. Most genetic studies
have focused on genes affecting immune responsiveness. End organ responses to immune
effectors have rarely been considered. In this review, the recent advances in the genetics of
SLE will be reviewed. Emphasis will be made on the recent observation that end organ
resistance to damage may be crucial to the clinical manifestation of SLE.

© 2014 Published by Elsevier Ltd.

gorresponding authors: Tsao, Betty P (BTsao@mednet.ucla.edu) and Fu, Shu Man (sf2e@virginia.edu).
These authors contributed equally to this review.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Dai etal. Page 2

Overview of human SLE genetics

The initial approaches, including linkage analysis and candidate gene association studies,
identified and confirmed a limited number of SLE-associated loci (e.g. HLA-DR2/DR3).
The genome-wide association study (GWAS) approach to screen hundreds of thousands of
single nucleotide polymorphisms (SNPs) across the genome in a hypothesis-free manner has
advanced our understanding of genetic basis of SLE. Since 2007, eight GWAS in SLE (four
in European-derived [3—-6] and four in Asian populations [7+,8-10]) and subsequent meta-
analysis and large-scale replication studies have revealed a growing number of risk loci
exceeding the genome-wide significance level (P <5 x 1078). Fine mapping and functional
characterization of GWAS signals have localized candidate causative variants, identification
of target gene(s) directly influenced by the associated variants and elucidation of pathogenic
mechanisms to understand how SLE susceptibility genes affect disease risk. Few of disease-
associated variants affect gene coding sequences altering functions of the encoded proteins,
whereas most fall in the noncoding regions regulating gene expression through
transcriptional and/or posttranscriptional mechanisms. The majority of the established SLE
susceptibility genes encode products involved in innate and adaptive immunity, particularly
the three key immunological pathways contributing to the pathogenesis of SLE: firstly,
clearance of apoptotic cells and immune complexes (ICs); secondly, activation of toll-like
receptor (TLR), type | interferon (IFN) and NF-xB signaling; and finally, multiple
dysfunctions in T/B cell signaling (Table 1). Two recent reviews have appeared to deal with
gene-function studies in SLE genetics [11,12]. Only selected areas of interest will be
discussed.

SLE susceptibility genes in innate immune responses

Clearance of apoptotic cells and ICs

Inefficient clearance of apoptotic cells and ICs that may result in autoantigens accumulation
promote initiation and maintenance of autoimmune responses in SLE. Deficiencies or
polymorphisms in genes encoding components required for this process confer susceptibility
to SLE (reviewed in [13]). For example, ITGAM encodes the a-chain of a2 integrin that
functions in phagocytosis of complement-coated particles and ICs as well as regulation of
leukocyte apoptosis, adhesion and migration via interaction with a range of ligands. The
SLE-associated missense ITGAM variant confers impaired phagocytosis of complement-
opsonized targets by monocytes, neutrophils and macrophages, which might alter IC
clearance and deposition, resulting in tissue damage [14]. This is supported by the finding
that patients carrying the ITGAM risk variant show an increased risk in development of
lupus nephritis [15,16].

Type | IFN pathway

Dysregulation of type I IFN is considered as one of the central drivers of SLE pathogenesis.
More than half of the identified SLE susceptibility genes encode proteins that can be directly
or indirectly linked to this pathway. TLRs (e.g. TLR7) or other cytosolic sensors (e.g.
IFIH1) is a major trigger of type | IFN production in SLE. SLE-associated variants of TLR7
that bind cellular and microbial nucleic acids or IFIH, a viral nucleic acid sensor confer
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functional effects on affecting gene transcription or structure, and patients carrying the risk
alleles show increased IFN signature [17¢,18¢¢,19,20¢¢]. IRF5, IRF7 and IRF8, a family of
transcription factors downstream of endosomal TLRs, are required for activating
transcription of type | IFN genes. SLE-associated variants of IRF5 and IRF7 have functional
impacts on increased serum IFN-a and such impacts depend on the presence of specific
autoantibodies [21]. MiR-146a has been recognized as a negative regulator of immune
activation by inhibiting key signaling proteins in the type | IFN pathway [22]. The SLE-risk
miR146a promoter variant confers lower levels of its transcript due to decreased binding of
transcription factor Ets-1 [23].

NFxB pathway

SLE risk genes that function in the NFxB pathway downstream of TLR engagement include
TNFAIP3, TNIP1, UBE2L3 and IRAK1. TNFAIP3 encodes a deubiquitinating enzyme (A20)
participating in the termination of NFxB signaling. Development of lupus-like phenotypes
in mice with full or conditional A20 deficiency indicates that reduced A20 expression
predisposes to autoimmunity [24]. Consistently, the SLE-associated TNFAIP3 variant with
inefficient delivery of nuclear protein complex to the TNFAIP3 promoter attenuates A20
expression, resulting in enhanced NF«B pathway activity and predisposition to SLE [25ee].
The X-linked IRAK1 gene encodes a kinase acting with MyD88 to regulate NFxB
activation. The missense variant in IRAK1 which confers increased NFxB activity captures a
risk haplotype associated with SLE in multiple ancestries [26e¢].

SLE susceptibility genes in adaptive immune responses

T cell signaling and function

Genes involved in T cell functions have been associated with SLE. The importance of highly
conserved and extended haplotypes bearing the class Il HLA-DR2 and HLA-DR3 alleles in
SLE susceptibility has been well recognized [13]. HLA class Il molecules are critical in
mediating host defense responses through antigen presentation and immune tolerance by
self/non-self recognition. Given of their roles in T-cell dependent antibody and effector
responses, cumulative evidence supports association of class Il alleles with autoantibody
production, especially HLA-DR3 with anti-Ro/La antibodies [27¢]. PTPN22 encodes a
tyrosine phosphatase that regulates immune signaling. Humans carrying the SLE-risk 620W
allele and knockin mice expressing the analogous 619W mutation show altered TCR and
BCR signaling with enhanced B cell autoreactivity (reviewed in [28e¢]). In myeloid cells
[29], the risk R620W allele is associated with diminished TLR-induced type I IFN
production, but with enhanced functions in neutrophils including increased transendothelial
migration, Ca2* release and ROS (reactive oxygen species) production [30].

B cell signaling and function

B cells are critical players in SLE pathogenesis through both antibody-dependent and
independent functions (reviewed in [31]). Multiple genes encoding kinases, adaptor
molecules and cytokines associated with B cell functions confer risk for SLE. CK encoding
c-Src tyrosine kinase regulates Src kinases (e.g. Lyn) activation by interaction with tyrosine
phosphatases in lymphocytes. The SLE-risk CSK variant is associated with high CSK
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expression, increased phosphorylation of Lyn, enhanced BCR-mediated activation of mature
B cells and expansion of transitional B cells, suggesting CXK is involved in multiple
developmental stages of B cells [32]. BLK encodes a member of the Src family kinases
functioning in intracellular signaling and regulation of B cell differentiation and tolerance.
SLE-risk alleles of the BLK promoter variants confer reduced promoter activity in B cell
lines representing different B cell developmental stages, implicating that decreased BLK
expression may affect B cell development and impair functional responses in B cells [33ee].
BANK1, encoding an adaptor/scaffold protein, facilitates intracellular calcium release and
alters the B cell activation threshold. The three SLE-associated BANK1 variants contribute
to sustained BCR signaling and B cell hyperactivity characteristic of SLE [4]. IL-10 is a
pivotal cytokine with immunosuppressive and immunostimulatory properties. The IL10 risk
allele confers increased 1L10 expression by preferentially binding to the activated
transcription factor EIk-1 associated with disease activity in B cells of SLE patients [34ee].
Other SLE-associated genes with roles in T/B cell functions (Table 1) await delineation of
functional mechanisms by which the associated variants affect disease risk.

SLE susceptibility genes with other functions

In addition to immune signaling, several SLE susceptibility genes with functions linked to
the other pathways contribute to the pathogenesis of SLE. For example, NCF2 encodes a
subunit of NADPH (nicotinamide adenine dinucleotide phosphate) oxidase complex
involved in the ROS generation. Overproduction of ROS may lead to oxidative stress that
stimulates autoimmune responses. A surprising finding of the SLE-risk variant in human
NCF2 gene leading to low NADPH oxidase activity and reduced ROS production provides
new insight of an antiinflammatory role for ROS in autoimmune disease [35¢]. MECP2
encodes a transcriptional regulator to modulate expression of methylation-sensitive genes.
Healthy individuals carrying the SLE-risk IRAK1-MECP2 haplotype with increased levels
of a specific MECP2 transcript isoform in stimulated T cells showed DNA hypomethylation
of IFN-regulated genes [36¢¢]. Other SLE-associated loci (Table 1) with unknown immune
function require fine mapping and characterization of functional pathways relevant to the
development of SLE.

Emergence of genes controlling susceptibility to end organ damage

Since non-muscle myosin heavy chain 9 (MYH9) has been implicated in focal segmental
glomerulosclerosis, HIV-associated nephropathy, hypertensive end-stage renal disease
(ESRD) and diabetes and non-diabetic ESRD, its role in lupus nephritis was investigated
together with the closely-linked gene APOL1 [37]. No significant association was found in
EA, AA, Asians, Amerindians or Hispanics. However, a recent study published in Arthritis
& Rheumatology by Freedman et al. indicates that APOL1 G1/G2 alleles strongly impact the
risk of lupus nephritis-ESRD in African Americas, as well as the time of progression to
ESRD [38e¢]. This suggests that APOL1 is associated with renal susceptibility to damage.
This interpretation is supported by the clinical observation that kidneys from diseased
donors with two APOL1 nephropathy alleles fail more rapidly than those from diseased
donors with 0 or 1 risk allele [39]. This is the first human gene to be associated with end
organ damage in SLE.
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Lesions learned from New Zealand Mixed (NZM) models of lupus
NZM2410

The contributions to our understanding of the pathogenesis of SLE by studies in animal
models have been extensively reviewed by Hahn and Kono [40]. The recent studies on the
NZM strains have enhanced our understanding of the complexity of lupus genetics. The two
most studied strains are NZM2410 and NZM2328. L. Morel has summarized the studies on
NZM2410 [41e]. Because of the approach taken by her and her colleagues by generating
congenic lines with Sel-3 on B6 background and the lack of glomerulonephritis (GN) in the
single congenic lines, the genes in these loci contributing to lupus GN which is the
phenotype in the initial mapping studies have proven to be elusive. Nevertheless, the genetic
dissection of the genes in NZM2410 has provided us further understanding of genes that
control autoimmune responses and in some case provided us novel insights in the immune
system. In addition, a suppressor gene Sesl has been identified, further illustrating the
complexity of lupus genetics.

NZM2328

The genetic dissection of lupus pathogenesis was carried out in Fu’s laboratory. NZM2328
was chosen because its GN resembles that of human proliferative GN with severe
proteinuria and ESRD observed predominantly in female mice [42¢]. Analysis of a cohort of
female mice of the (NZM2328XC57L/J) F1IXNZM2328 identified a locus Cgnzl on
chromosome 1 that contributes to the development of severe proteinuria and ESRD, a locus
Adazl on chromosome 4 for ANA and anti-dsDNA antibody production and three loci,
Agnzl1 on chromosome 1, and H2-Tnf complex and Agnz2 on chromosome 17 for acute GN
with 1C deposition and complement fixation without tubular damage and interstitial fibrosis.
Two congenic strains, NZM.C57Lcl and NZM.C57Lc4 (Figure 1) were generated by
transgressing genetic regions from C57L/J containing the loci of Cgnzl and Agnzl on
chromosome 1 and Adazl on chromosome 4 respectively [43+¢]. NZM.Lc1 female mice had
markedly reduced incidence of severe proteinuria and ESRD. NZM.Lc4 female mice
developed acute GN with IC deposition and complement activation that progressed to
chronic GN and ESRD with the same kinetics as NZM2328 female mice without ANA and
anti-dsDNA antibodies. NZM.Lc1 provided us the opportunity to further dissect the gene(s)
associated with Cgnzl. NZM.Lc4 provided us the evidence that ANA and anti-dsDNA
antibodies are dispensable in the induction of lupus GN suggesting to us that a less ANA-
and-anti-dsDNA antibody-centric hypothesis is warranted.

Recently we published our characterization of the genetic interval associated with chronic
GN and ESRD [44e¢]. The results are summarized in Figure 2a. Cgnzl has been localized to
a 1.34 Mb region on chromosome 1. The region contains 45 genes including many of the
Slam family members and those controlling metabolism, apoptosis, autophagy and other
biological processes. This region mapped within Selb indicating Cgnzl is identical to Sel.
The human homologous region is also depicted in Figure 2¢. The human homologous region
is on chromosome 123 from 160.0 to 161.1 Mb. With the exception of LOC10041098, each
of the mouse genes in the Cgnz1 locus has human counterparts in the homologous region
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and the exact order is preserved between these two species. The conservative nature of the
gene order indicates that this region is likely to be important in human lupus nephritis.

The phenotypes of intra-chromosomal 1 recombinant congenic lines as shown in Figure 2b
suggest that there are significant interactions among the genes in the c1 interval. Female
mice of NZM.Lc1 R314-1 and NZM.Lc1 R503-10 have accelerated development of severe
proteinuria and ESRD, suggesting that a gene within the 169.22-172.16 Mb in NZM2328
has suppressor function. A new recombinant line NZM.Lc1R1205 appears to have similar
phenotypes as those of R314-1 and R503-10. Further phenotypic and genetic
characterization of congenic lines in this region indicate that this suppressive gene is located
between 169.22 Mb and 171.14 Mb. Similarly there appears to be a suppressor gene within
174.93 Mb and 178.21 Mb in NZM2328. This complexity in gene-gene interaction on
chromosome 1 mirrors that in NZM2410.

Future directions

The implication of our findings in NZM2328 has been discussed in two review papers [45ee,
46]. The findings reviewed here provide us a frame-work for future investigation on the
pathogenesis of SLE. Figure 3 summarizes our working model for the pathogenesis of SLE.
It is important to note that this model has a general application to other autoimmune
disorders such as rheumatoid arthritis, ankylosing spondylitis, type | diabetes mellitus, etc.

Future challenges in understanding SLE genetics include discovery of novel associations
responsible for the missing heritability, identification of causal variants with functional
characterization at each locus, and implication of new pathogenic pathways contributing to
SLE development. Next-generation sequencing based on whole-exome/genome
investigation may accelerate the identification of novel, particularly rare variants, which are
functionally important, penetrant and harbor large effect sizes for SLE risk. The emergence
of genomic and epigenomic data sets, such as eQTL (expression quantitative-trait loci) and
ENCODE (Encyclopedia of DNA Elements), have revolutionized functional annotation of
many GWAS-identified variants with cis/trans-regulatory effects in the relevant cell types,
which help to predict the most likely causal variants and target genes in SLE. Pathway-based
and network-based analyses are another useful strategy to prioritize disease target genes.
New technologies, like CRISPR/Cas-based methods to generate isogenic cell lines or
heterozygous allele modifications in animal models, will expand our ability to validate the
functional mechanisms. Continuing efforts should be made to utilize mouse models to
identify human homologous genes that can be explored further. We expect that these
approaches will enable rapid progress from genetic studies to biological knowledge, provide
a better understanding of SLE molecular pathogenesis and guide the development of
therapeutic interventions.
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Figure 1.

NZM.C57/Lcl (Lcl) and NZM.C57Lc4 (Lc4) congenic lines were derived by replacing the
genetic intervals in NZM2328 with those from C57L/J (hatched bar). The genetic intervals
with SLE susceptibility genes in NZM2328 delineated by informative microsatellite markers
are shown (open bars). Chromosome intervals are drawn to scale. The genes involved in Lcl
and Lc4 congenic lines are Cgnzl and Agnzl, and Adazl respectively. The characteristics of
these two congenic lines are included (modified from [43e¢]).
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Figure 2.
Fine mapping of Cgnzl region on mouse chromosome 1 and the human homologous region.

(a) Six intrachromosomal recombinant lines, R314-1,R286-7,R290-2, R507-2, R503-10 and
R1205 were generated by generation of heterozygous mice from (R27xNZM2328)F1 x
(R27xNZM2328)F1 and the heterozygous mice were bred to generate homozygous lines.
R27 has a c1 segment covering both Sela and Selb from C57L/Jcl. 314-1 has the whole
region of 9ela from C57L/Jcl. R503-10 has only part of the Sela from C57L/Jcl. R286-7
lacks both Sela and Selb from C57L/Jcl. R290-2 contains part of the Selb from C57L/
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Jcl. R507-2 has the whole Selb region from C57L/Jcl. R1205 is a newly generated line
with early mortality and it contains 2-19 genes depending on further delineation of the
recombinant sites. The red rectangle depicts the region of 1.34 Mb where Cgnz1 locates.
The gray areas denote the intervals in NZM2328 that are replaced with that of C57L/J
(modified from [44e¢]). (b) Five intrachromosomal recombinant lines, R314-1, R286-7,
R290-2, R507-2 and R503-10 were generated and a female cohort of these lines was
followed for 12 months. All but R507-2 were susceptible to cGN. These results provide a
genetic region located between microsatellite markers Mit148 and Mit206. This region is
within the Selb region. The data show that the other two Sel subregions, that is, Sela and
Selc, are not important for cGN. Female mice of R314-1, R286-7, R290-2, and R503-10
develop cGN in larger percentages in comparison with the parental line NZM2328. Almost
100% of R314-1 and R503-10 develop severe proteinuria by seven months of age (modified
from [44e¢]). (c) The mouse Cgnzl locus is nearly perfectly homologous to a 1.6 Mb locus
on human chromosome 1. The assembled human locus is inverted with respect to the mouse
locus; nonetheless the exact gene order is preserved. Dotted lines connect the human and
mouse homologs at the boundaries of the mouse and human Cgnz1 loci.
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Overview of the Pathogenesis of SLE and other Autoimmune Diseases

Dichotomy of Autoimmunity and End Organ Damage

Genes controlling I Triggers
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UV, Drugs, etc.
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Figure 3.
Interactive model for the pathogenesis of SLE. This model makes the assumption that

environmental triggers act on susceptible hosts. The triggers act on both genes controlling
immune responsiveness and genes for end organ damage. These are two independent yet
interactive pathways. Pathway | leads to the generation of autoantibodies and autoreactive
effector T cells. Pathway Il provides autoantigens and/or soluble mediators that influence
immune responsiveness. Pathways | and |1 interact at several levels as indicated by I11.
These interactions can lead to end organ damage.
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Table 1

SLE-associated genes in the disease pathways2

Function Position  Gene OR Population
Innateimmune response
Clearance of apoptotic cells and Immune Complexes  1p36 C1Q Rare, complete deficiency
1923 FCGR2A 1.3-14 EU,EA,AAAS
FCGR3A 1.2-15 EU,AA
FCGR2B 1.3-25 AS
FCGR3B 1.7-2.3 EU,AA
3p21.31 TREX1 Rare mutation
6p21.3 C4A/4B, C2 Rare, complete deficiency
12p13 C1R/C1S Rare, complete deficiency
16p13.3 DNASE1 Rare mutation
6021 ATG5 1.2-1.3 EU,AS
16p11.2 ITGAM 1.3-21 EAEU,AAASHS
Type | IFN pathway 2024 IFIH1 1.1-1.4 EAAA
2932 STAT4 1.4-1.8 EU,EA,AS HS AA
5034 miR146a 1.2-1.3 AS
7932 IRF5 1.3-1.9 EU,EA,AAAS HS
11p15 IRF7 1.3-2.0 EU,EA,AAAS
1292432 SLC15A4 1.1-1.3 EAAS
16924 IRF8 1.2-13 EU,EA
19p13 TYK2 13 EA
Xp22 TLR7 1.2-2.3 AS,EA,AAHS
NF«B pathway 5033.1 TNIP1 1.2-14 EAAS
6023 TNFAIP3 1.7-2.3 EU,EAAS
22911.21 UBE2L3 12-14 EU,EA AS
X028 IRAK1 1.1-16 EA,AS,AAHS
Adaptive immuneresponse
Antigen presentation T & B cell signaling 6p21.3 HLA region 15-25 EU, AS
1p13.2 PTPN22 14-24 EU,HS
1925 TNFSF4 1.2-15 EU,EA,AS,AAHS
1g31-g32 IL10 1.2-13 EU,EA
2p25-p24  RASGRP3 1.2-14 AS,EU
3913 CD80 13 AS
4921 AFF1 12 AS
4924 BANK1 1.2-14 EU,EA,AS,AA
4926-027  1L21 1.1-16 EAAA
6021 PRDM1 12 EA
7pl2.2 IKZF1 1.2-14 EU, AS
8p23 BLK 1.2-1.6 EU,EA,AS,AA
8g13 LYN 1.2-13 EU
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Function Position  Gene OR Population
10921 ARID5B 1.2 AS
11p13 PDHX/CD44 1.2-1.4 EA,AAAS
11923.3 ETSL 12-14 AS,EU
13913 ELF1 13 AS
15g24.1 CX 13 EU
16p11.2 PRKCB 12 AS
17921 IKZF3 1.2-1.9 EU,AA
Others
ROS generation 1925 NCF2 1.2-28 EA,AAHS
DNA methylation X028 MECP2 1.1-16 EA,AS,AAHS
Cell adhesion 19p13 ICAM1/4/5 1.2 EU,AAHS,AS
Unknown 2p13 TET3 13 AS
3p14.3 PXK 1.2-1.3 EU,EA
3913.33 TMEM39A 1.2-14 EU,AAAS
5035 PTTG1 12 EU
6p21 UHRF1BP1 1.2-15 EU,AS
7p15.2 JAZF1 1.2 EA
8p23.1 XKR6 1.2-13 EU
10g11.23 WDFY4 1.2-1.3 AS
12p13 CDKN1B 1.2 AS
12923 DRAM1 12 AS
16p13.13 CLECI16A 1.2 EU,AS

Abbreviation AA, African American; AS, Asian; EA, European American; EU, European; HS, Hispanic. ARID5B, AT rich interactive domain 5B;
AFF1, AF4/FMR2 family member 1; ATG5, autophagy related 5; BANK1, B-cell scaffold protein with ankyrin repeats 1; BLK, B lymphoid
tyrosine kinase; C1Q, complement component 1, g subcomponent; C1R, complement component 1, r subcomponent; C1S complement component
1, s subcomponent; C2, complement component 2; C4A/4B, complement component 4A/4B; CD44, CD44 molecule; CD80, CD80 molecule;
CDKN1B, cyclin-dependent kinase inhibitor 1B; CLEC16A, C-type lectin domain family 16 member A; CSK, c-src tyrosine kinase; DNASE1,
deoxyribonuclease I; DRAM1, DNA-damage regulated autophagy modulator 1; ELF1, E74-like factor 1; ETSL, v-ets avian erythroblastosis virus
E26 oncogene homolog 1; FCGR2A, Fc fragment of 1gG low affinity Ila receptor; FCGR3A, Fc fragment of 1gG low affinity Illa receptor;
FCGR2B, Fc fragment of 1gG low affinity 1Ib receptor; FCGR3B, Fc fragment of IgG low affinity 111b receptor; ICAM1, intercellular adhesion
molecule 1; ICAM4, intercellular adhesion molecule 4; ICAMS5, intercellular adhesion molecule 5; IFIH1, interferon induced with helicase C
domain 1; IKZF1, IKAROS family zinc finger 1; IKZF3, IKAROS family zinc finger 3; IL10, interleukin 10; 1L21, interleukin 21; IRF5, interferon
regulatory factor 5; IRF7, interferon regulatory factor 7; IRF8, interferon regulatory factor 8; IRAK1, interleukin-1 receptor-associated kinase 1;
ITGAM, integrin alpha M; JAZF1, JAZF zinc finger 1; LYN, v-yes-1 Yamaguchi sarcoma viral related oncogene homolog; MECP2, methyl CpG
binding protein 2; miR146a, microRNA146a; NCF2, neutrophil cytosolic factor 2; PDHX, pyruvate dehydrogenase complex component X;
PRDM1, PR domain containing 1 with ZNF domain; PRKCB, protein kinase C beta; PTPN22, protein tyrosine phosphatase non-receptor type 22;
PTTGL, pituitary tumor-transforming 1; PXK, PX domain containing serine/threonine kinase; RASGRP3, RAS guanyl releasing protein 3;
SLC15A4, solute carrier family 15 (oligopeptide transporter) member 4; STAT4, signal transducer and activator of transcription 4; TET3, tet
methylcytosine dioxygenase 3; TLR7, toll-like receptor 7; TMEM39A, transmembrane protein 39A; TNFAIP3, tumor necrosis factor alpha-induced
protein 3; TNIP1, TNFAIP3 interacting protein 1; TNFSF4, tumor necrosis factor superfamily member 4; TREX1, three prime repair exonuclease 1;
TYK2, tyrosine kinase 2; UBE2L3, ubiquitin-conjugating enzyme E2L3; UHRF1BP1, UHRF1 binding protein 1; WDFY4, WDFY family member
4; XKR6, XK Kell blood group complex subunit-related family member 6.

a . . . . . . .
Most of these loci have been reviewed in the reference [13], and those that have causative variants are highlighted in the text.
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