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Abstract

Sections

The past few years have provided importantinsights into the genetic
architecture of systemic autoimmunity through aggregation of findings
from genome-wide association studies (GWAS) and whole-exome

or whole-genome sequencing studies. In the prototypic systemic
autoimmune disease systemic lupus erythematosus (SLE), monogenic
disease accounts for a small fraction of cases but has been instrumental
in the elucidation of disease mechanisms. Defects in the clearance or
digestion of extracellular or intracellular DNA or RNA lead toincreased
sensing of nucleic acids, which can break B cell tolerance and induce
the production of typelinterferons leading to tissue damage. Current
data suggest that multiple GWAS SLE risk alleles actin concert with

rare functional variants to promote SLE development. Moreover,
introduction of orthologous variant alleles into mice has revealed that
pathogenic X-linked dominant and recessive SLE can be caused by novel
variantsin TLR7 and SAT1, respectively. Such bespoke models of disease
help to unravel pathogenic pathways and can be used to test targeted
therapies. Cell type-specific expression datarevealed that most GWAS
SLE risk genes are highly expressed in age-associated B cells (ABCs),
which supports the view that ABCs produce lupus autoantibodies and
contribute to end-organ damage by persisting in inflamed tissues,
including the kidneys. ABCs have thus emerged as key targets of
promising precision therapeutics.
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Key points

e Monogenic systemic lupus erythematosus (SLE) commonly results
from defects in degradation or increased sensing of nucleic acids
and have led to the development of in vivo models of disease and
mechanistic exploration of pathogenesis.

e The study of high frequency and variably penetrant common variants
must be integrated with the study of low frequency, highly penetrant
rare, ultra-rare and novel variants to clarify the genetic contribution

to disease.

e Common variants identified through genome-wide association
studies (GWAS) highlight a role for complement, immune complex
handling, endosomal Toll-like receptors, type | interferon signalling,
B cell tolerance and B cell receptor signalling pathways in SLE.

e The use of online transcriptomic databases to integrate GWAS
data highlighted an increased expression of SLE-associated genes
in age-associated B cells (ABCs).

o ABCs are expanded peripherally in patients with SLE, especially in
those with lupus nephritis, and in the kidney during episodes of lupus
nephritis.

e Therapeutic regimens that target CD19" B cells are highly effective
at depletion of ABCs, which express high levels of CD19, and had a
promising effect in a small study of patients with refractory SLE.

Introduction

Systemic autoimmune diseases such as systemic lupus erythematosus
(SLE) are caused by the inability of the immune system to distinguish
self from non-self arising from loss of immune tolerance, which leads
to aberrant and unregulated inflammation. These are lifelong, often
devastating, illnesses with heterogeneous clinical phenotypes associ-
ated with multiple morbidity and disease courses that wax and wane
with time'. Many autoimmune diseases have female preponderance
andrepresentahighburdenin certaincommunities (for example, the
prevalence of SLE is high in Afro-Caribbean populations).

Most autoimmune diseases are polygenicin nature. Over the past
fewdecades, genome-wide association studies (GWAS) have identified
hundreds of risk variants that are thought to act additively to cause
disease”. Therelevant genes can exhibit epistasis’ or pleiotropy*, be sus-
ceptible to epigenetic changes®® and non-coding variation’,and display
incomplete penetrance or variable expressivity®. However, GWAS only
identify a minor portion of the inherited genetic risk associated with
disease phenotypes, leading to ‘missing heritability’.

By contrast, therise of high-throughput technologies that enable
whole-genome sequencing (WGS) and whole-exome sequencing (WES)
has allowed the discovery of novel and rare or ultra-rare variants with
strong effects, especially in SLE’®. These variants are being catalogued
indatabases of physiological and pathogenic human variation, increas-
ingly allowing large-scale population research. These dataalso under-
score theimportance of genetic contribution to disease and the natural
selective pressures that have led to these variations”. Functional valida-
tion of variant genes and their effects on downstream transcriptomic
and proteomic pathways clarifies disease pathogenesis'®. Now, the

pressing challenge is to integrate insights from monogenic causes of
autoimmune disease with the contributions from common, rare or
novel variants, in both coding and non-coding regions, their possible
epistasis, and the epigenetic regulation of SLE risk loci.

SLEisthe archetypal systemic autoimmune disease and is caused
by a breach of tolerance to nucleic acids that leads to formation of
autoantibodies to nucleic components such as double-stranded DNA
(dsDNA) and RNA, thereby triggering inflammation in multiple organs”.
Whether different molecular pathways to disease are responsible for
the observed clinical heterogeneity and response to available therapies
remains unclear. Transcriptomic analyses have identified keyimmune
cells central to pathogenesis, such as B cells?®, and have defined patient
subgroups according to molecular signatures?. These signatures seem
to distinguish quiescent from active disease states?, although not
consistently”’, making it difficult to dissect their functional relevance.

In this Review, we explore the genetic variants (monogenic,
rare, ultra-rare and common) that cause, contribute to and are asso-
ciated with SLE. We also discuss how common variants can be inte-
grated with gene expression datasets to evaluate key immune cells
involvedin disease. Age-associated B cells (ABCs) have emerged from
these analyses askey cells,and we examine them further, including their
clinical relevance and their potential as therapeutic targets.

Monogenic SLE defects

Severe forms of SLE can be caused by alterations in single genes (thus
termed monogenic SLE) and tend to presentinchildhood. Broadly, these
alterations affect the complement system, extracellular and intracel-
lular nucleicacid sensing and processing, RAS signalling and metabolic
pathways (Table1). Monogenic SLE is rare but increasingly recognized —
damaging variantsin genes known to cause monogenic SLE are identi-
fiedin-~3-10% of patients with early-onset SLE*'°. Nevertheless, the list
of genes causing monogenic SLE is rapidly increasing with the use of
next-generation sequencing technologies and monogenic SLE might
be more prevalent than currently thought.

Complement defects
Homozygosity for loss-of-function (LoF) variants in the early proteins of
the classic pathway of complement activation have long been known to
cause SLE — complement defects explain <1% of SLE cases*. Deficiency
of C1complex proteins and total C4 deficiency are responsible for most
complement-related SLE. Of note, over 90% and up to 75% of patients
with these immunodeficiencies develop SLE, respectively”. Comple-
ment deficiency has been linked to SLE through multiple mechanisms.
One of the best understood functions of complement is its ability to
process and clearimmune complexes, and apoptotic or dead cells. This
function prevents the presentation of autoantigens to the immune
system in the context of inflammatory signals. For example, research
fromthe1990s showed that the surface of apoptotic cells contains SLE
autoantigens” and clearance of apoptotic cells is defective in macro-
phages from Clg-deficient mice and humans®. Moreover, in the absence
of C1q,immune complexes bind to plasmacytoid dendritic cells (pDC)
and readily stimulate production of type I IFN*®, Notably, although
Clq canbind DNA and cooperate with DNasel to clear chromatin from
dying cells®, it canalso exacerbate SLE by preventing the degradation
of neutrophil extracellular traps (NETs) that promote production of
type [ IFN*°,

Inherited complement defects are very rare but complement
proteins are very often reduced in patients with SLE, particularly
in those with active disease owing to complement activation and
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Table 1| Monogenic causes of SLE

Gene (protein)® Polarity Location Ligand or interacting protein® Associated disease OMIM®
Complement defects
C1QA, C1QB, C1QC LoF Extra IgG Fc, IgM Fc, LAIR1, C1S, C1R C1Q deficiency 613652
C1S LoF Extra C1R, C1Q C1S deficiency 613783
CIR LoF Extra C1s, C1Q Ehlers-Danlos syndrome type 1 130080
Cc2 LoF Extra C4B C2 deficiency 217000
C4A, C4B LoF Extra Immune complexes C4a and C4b deficiencies 614380, 614379
C3 GoF Extra CD21/CD35 C3 deficiency 613779
FCN3 LoF Intra GalNAc, C1S, C1R, C2, C4a, C4bB  Immunodeficiency owing to ficolin 604973
3 deficiency
Extracellular nucleic acid sensing
TLR7 GoF Endo Guanosine, ssRNA, MyD88 SLE17 301080
DNASET LoF Extra NET DNA SLE 152700
DNASEIL3 LoF Extra dsDNA (apoptotic bodies) SLE 16 and HUV 614420
DNASE2 LoF Lys Exogenous DNA Autoinflammatory-pancytopenia 619858
syndrome
ADA2 LoF Lys/extra Adenosine, 2'-deoxyadenosine DADA2 28830446
Intracellular nucleic acid sensing
TREX1 LoF Intra DNA (retroviral/transposon) AGS 1, FCL, SSd, SS 225750, 610448,
152700
TMEM173 (STING) LoF Intra cGAMP and excess DNA SAVI, FCL 615934
RNASEH2B LoF Intra RNA AGS 2 610181
RNASEH2C LoF Intra RNA AGS 3 610329
RNASEH2A LoF Intra RNA AGS 4 610333
SAMHD1 LoF Intra dNTPs AGS 5, FCL 2, CLL (somatic) 612952, 614415
ADAR1 LoF Intra dsRNA AGS 6 615010
IFIH1 (MDA5S) GoF Intra dsRNA AGS 7, FCL, Singleton-Merten syndrome 615846, 182250
type1
ACP5 (TRAP) LoF Intra OPN SPEND 607944
MAPK/PI3K
PTPN11(SHP2) LoF Intra MAPK, PI3K Noonan syndrome type 1 163950
KRAS LoF Intra MAPK, PI3K Noonan syndrome type 3 609942
NRAS LoF Intra MAPK, PIBK Noonan syndrome type 6 613224
SHOC2 LoF Intra MAPK, PI3K Noonan syndrome-like 607721
PIK3CD (PI3K p1108) GoF Intra AKT Immunodeficiency 14 615513
P2RY8 LoF Memb ERK, AKT NA NA
ALPS
PRKCD LoF Intra STAT1, NCF1 ALPS, type llI 615559
FAS LoF Memb FASL, CASP8, CASP10, RIPK1 ALPS, type IA 601859
FASLG LoF Memb FAS ALPS, type IB 601859
Metabolic
SLC7A7 LoF Intra L-Arginine, leucine, glutamine Lysinuric protein intolerance 222700
PEPD LoF Intra Xaa-Pro amino acids Prolidase deficiency 170100
MAN2B1 LoF Lys N-linked carbohydrates a-Mannosidosis, types land Il 248500
SAT1 LoF Intra Polyamines SLE NA
CYBB LoF Intra NADPH Chronic granulomatous disease 306400
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Table 1 (continued) | Monogenic causes of SLE

Gene (protein)® Polarity Location Ligand or interacting protein® Associated disease OMIM®
Other

RAGT, RAG2 LoF Intra V(D)J genes SCID, ID with granulomas 233650
IKZF1 (Ikaros) LoF Intra Target genes CVID 13, ITP 616873
TNFAIP3 (A20) LoF Intra TRAF6, TAX1BP1, IKBKG Autoinflammatory syndrome, Behget-like 616744

AGS, Aicardi-Goutiéres syndrome; ALPS, autoimmune lymphoproliferative syndrome; CLL, chronic lymphocytic leukaemia; CVID, common variable immunodeficiency; DADA2, adenosine
deaminase 2 deficiency; dNTP, deoxyribonucleoside triphosphate; dsDNA, double-stranded DNA; dsRNA, double-stranded RNA; Endo, endosome; Extra, extracellular; FCL, familial
chilblain lupus; GoF, gain-of-function; HUV, hypocomplementaemic urticarial vasculitis; ID, immune dysregulation; Intra, intracellular; ITP, immune thrombocytopenic purpura; LoF, loss-of-
function; Lys, lysosome; MAPK, mitogen-activated protein kinase; Memb, plasma membrane; NA, not available; NET, neutrophil extracellular trap; OMIM, Online Mendelian Inheritance in
Man; PI3K, phosphoinositide 3-kinase; SAVI, STING-associated vasculopathy with onset in infancy; SCID, severe combined immunodeficiency; SLE, systemic lupus erythematosus; SPEND,
spondyloenchondrodysplasia with immune dysregulation; SS, systemic sclerosis; SSd, Sjogren syndrome; ssRNA, single-stranded RNA. °Protein name specified in instances where it differs
from the gene name. "Corresponds to ligands or interacting protein identified in mice or humans according to the OMIM number. °OMIM catalogue gene or locus number.

consumption®, Such reduction in complement factors has beenlinked
todefective complement-mediated opsonization of bacteriain patients
with SLE** and probably also impairs the removal of apoptotic cells,
creating an excess of ligands for extracellular DNases and RNases.

Degradation of extracellular nucleic acids

Defects in a growing number of enzymes with important roles in the
degradation of extracellular DNA — including those due to variantsin
DNASEI (ref. 33) and DNASEIL3 (ref. 34) — can cause severe, yet typi-
cal SLE. DNasel degrades dsDNA within NETs*, whose physiological
functionis to capture extracellular pathogens and limit the spread of
infections, although NET formation can also be triggered by sterile
inflammation®. Intriguingly, -40% of patients with SLE fail to degrade
NETs, although in most cases this defect is not due to DNASE1 variants,
but caninstead be explained by the presence of antibodies that either
bind to DNaseland inhibit its activity”, or bind to DNA in NETs and pre-
vent DNaselaccess™. DNasell3 degrades extracellular dsDNA that can
be found on exposed nucleosomes within microparticles or apoptotic
bodies. Aswith DNasel, 30% of all patients with SLE (and >50% of those
with lupus nephritis (LN)) have antibodies to DNasellL3 with neutral-
izingactivity against DNaselL3, thus phenocopying genetic DNasellL3
deficiency®®. Abundance of undigested extracellular nucleic acids,
which can engage endosomal Toll-like receptors (TLRs), is therefore
likely to be a very important trigger in SLE.

Endosomal nucleic acid sensing: TLR7 and TLR9
Increasing evidence suggests that nucleic acid signallingin endosomes
isimportantin SLE pathogenesis®’. Accumulation of nucleic acids owing
to inefficient degradation can activate the endosomal nucleic acid
sensors TLR7 and TLR9. In mice lacking DNASEIL3, splenomegaly is
dependent on MyD88 (ref. 40), which is akey TLR signalling adaptor,
with TLR7 and TLR9 driving anti-DNA responses and autoimmunity
redundantly*. Inaddition to NETs and nucleosomal dsDNA exposed in
apoptoticbodies or microparticles, mitochondrial DNA extruded from
neutrophils, eosinophils and platelets represents animportant source
of endosomal TLR ligands in SLE, particularly for TLR9 (refs.19,42).
Abundant evidence in mice and humans supports a role for
increased TLR7 expression or activation in the development of
SLE®.Increased TLR7 expression causes lupus-like disease in mice by
promoting the survival of immature self-reactive B cells** and most
patients with SLE have signs of TLR7 hyperactivity within circulating
B cells*. In 2022, we reported a TLR7 gain-of-function (GoF) varia-
tion as a cause of human monogenic lupus'®. A TLR7 Y264H de novo

variant was identified in a child with SLE, including central nervous
system (CNS) and kidney manifestations. Mice carrying the Y264H
variant develop lupus-like disease consistent with an X-linked domi-
nant pattern of inheritance. Intriguingly, the lupus-causing variant
augmented the affinity for guanosine and its derivative 2’,3’-cGMP,
eliminating the need to bind uridine for TLR7 activation. This finding
indicates that self-nucleic acids (including guanosine derivatives),
rather than RNA from exogenous microbes, can trigger the disease.

TLR7 is highly expressed in pDCs (and, to a lesser extent, in DCs
and macrophages) and is animportant trigger of type I IFN secretion.
Whether type I IFN is an initiating or driving factor, or a perpetu-
ating or exacerbating factor in SLE has been alongstanding question.
Notably, in experiments in Dnasell3” IfnarI”~ mice, lack of type I IFN
signalling did not affect the initial emergence of anti-dsDNA antibodies
at 1-3 months but the animals had reduced autoantibody titres at
9-12 months compared with Dnasell3” animals*. Similarly, deficiency
inthereceptor for type [ IFN reduced butdid not abolish autoantibody
formation in TLR7-dependent lupus mouse models***¢, Type | IFN
can increase the expression of TLR7 and MHC, and therefore serves
as a positive feedback loop that enhances nucleic acid sensing and
antigen-presenting capacity, as well as plasma cell differentiation
and thus autoantibody production®.

The role of TLR9 is complex and can elicit effects that oppose
those of TLR7, depending on the cell type. For example, stimulation
of B cells with immune complexes containing TLR7 ligands induces
B cell-activating factor (BAFF)-independent proliferation and survival,
whereas stimulation withimmune complexes containing TLR9 ligands
induces apoptosis of proliferating cells, which canbe rescued by BAFF*.
Inline with this protective effect, TLR9 stimulation can limit nephritisin
the MRL/Ipr model*®. By contrast, provision of NET-derived TLR9
ligands to human pDCs in vitro leads to the production of type  IFN*.

Cytoplasmic nucleic acid sensing

Defects in extracellular DNases or increased endosomal sensing
of nucleic acids have been associated with classic SLE phenotypes,
whereas defectsingenes that encode intracellular nucleic acid sensors
or enzymes that detect or degrade cytoplasmic nucleic acids (TREXI,
STING1, RNASEH2B, RNASEH2C, RNASEH2A, SAMHDI and IFIHI (also
known as MDAS)) tend to cause severe interferonopathies®’. These
defects are often associated with autoinflammatory diseases including
Aicardi-Goutiéres syndrome (AGS)*°, STING-associated vasculopathy
with onset in infancy (SAVI)*', MDAS associated Singleton-Merten
syndrome* and familial chilblain lupus®. Nevertheless, 0.5-2% of adult
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patients with SLE have damaging TREXI rare variants®***. Of note, TREX1
has been reported to digest DNA from endogenous retroviruses™ that
are normally kept in check via TLR7 signalling®. Importantly, extra-
cellular and intracellular sensing of nucleic acids is not strictly com-
partmentalized and crosstalk between these two pathways has been
described. Under certain circumstances, nucleic acids can escape the
endosome or lysosome, and activate cytoplasmic sensors”. Moreover,
type I IFN signalling induced by cytoplasmic nucleic acid sensing can
increase expression of endosomal TLRs*®, thus lowering their signalling
threshold.

RASopathies and elevated ERK and AKT signalling
RASopathies due to mutations in PTPN11, KRAS, NRAS and SHOC2
thatactivate mitogen-activated protein kinase (MAPK) and phospho-
inositide 3-kinase (PI13K) typically cause Noonan syndrome®, which is
characterized by the presence of atypical facial features, short stature,
heart defects and developmental delays. Occasionally, patients with
variants in these genes present with SLE®®, which is thought to result
fromincreased activation of extracellular-signal-regulated kinase (ERK)
and/or PI3K in lymphoid cells. Elevated RAC serine/threonine protein
kinase (AKT) and ERK signalling also occurs in patients with SLE who
have damaging hypomorphic variants in P2RYS8 (ref. 61). In addition
to confining B cells to germinal centres, P2RY8 exerts other roles in
human B cell tolerance, including limiting plasma cell formation and
enforcing negative selection of self-reactive B cells®. Increased AKT
signalling probably also underlies autoimmunity seenin patients with
GoF variantsin PIK3CD. Although these patients typically develop typel
activated PI3KS syndrome®, an association with paediatric SLE has
alsobeenreported®.

Defects in lymphocyte apoptosis

Autoimmune lymphoproliferative syndrome (ALPS), caused by germ-
line or somatic variants in FAS or FASLG, is usually distinct from SLE.
Patients present with enlarged lymph nodes, spleen and liver, and do
not typically develop antinuclear antibodies, although two-thirds of
patients present with autoimmune haemolytic anaemia and throm-
bocytopenia. However, SLE-like presentations have been noted in a
few case reports®*. Similarly, LoF missense variants in PRKCD were ini-
tially reported in a family with a history of juvenile SLE characterized
by increased B cell survival®. Subsequent studies found that PRKCD
LoF variants typically cause an ALPS type Ill, whichis characterized by
pronounced B cell proliferation and survival, particularly ofimmature
B cells®.

Metabolic syndromes

Defectsinmetabolic pathways can also giverise to SLE-like phenotypes.
Examplesinclude variants in SLC7A7 (lysinuric protein intolerance)®,
PEPD (prolidase deficiency)®®, MAN2BI (a-mannosidosis)®’, CYBB (defec-
tive phagocyte NADPH oxidase complex, although patientsrarely have
autoantibodies)’® and, the most recent addition, SATI (encodes a
rate-limiting enzyme in polyamine catabolism)”’. In two unrelated
families, an unaffected mother transmitted the X-linked SAT1 variant
to two affected male children. One of the variants, when introduced
in mice, caused a lupus-like disease with kidney damage, neutrophil
defects and reduced regulatory CD4 T cell subsets”. It has been pro-
posed that excess polyamine due to SAT1deficiency triggers SLE owing
toits ability to bind and modify DNA”. Polyamines are found largely
bound toRNA and DNA in mammalian cellsand, given the high expres-
sion of SAT1in neutrophils, they might stabilize NETs. Polyamines also

promote a change in DNA structure to left-handed (Z-DNA), which is
atarget of dsRNA-specific adenosine deaminase (encoded by ADAR)
and has been linked to SLE and AGS™.

Common SLE variants

The most common gene variants are single nucleotide polymorphisms
(SNPs), followed by insertion/deletion (indel) and structural variants™.
SNPs are classified as common if the minor allele frequency (MAF) is
>0.05 (5%). If SNPs occur within the coding exon without a resultant
change in the amino acid, the protein encoded will remain the same
and the variants are designated synonymous. By contrast, amissense
variant arises from a SNP that leads to an amino acid alteration with
subsequent change in protein structure and/or function. Nonsense
variants refer to those that introduce a premature stop codon, often
leading to nonsense-mediated RNA decay or formation of a truncated
(that is, smaller) protein. However, most SNPs occur in non-coding
introns that are found near to, or in linkage disequilibrium with, cod-
ing pathogenic variants’. Importantly, these SNPs can also occur in
promoter or enhancer regions, and exert roles in the regulation of
gene transcription”.

SLE GWAS

GWAS attempt to identify common risk variants that are present in
adisease cohort at a significantly higher frequency than in healthy
individuals. Additive effects of many risk alleles underpin the polygenic
nature and non-Mendelian inheritance of disease. However, the infor-
mation provided by GWAS is a double-edged sword. Because the risk
variants are only associated with the clinical phenotype, clarifying
the biological functional consequence and establishing causality is
difficult. Firstly, mapping relevant genes to SNPs based on proximity
alone misses genes withlong-range effects”and canincorrectly identify
genes that are co-segregated in linkage desiquilibrium”. Post-GWAS
analyses such as statistical fine mapping can mitigate these limitations’®.

Glossary

Burden analyses

Using a gene-based approach, these
analyses evaluate the aggregate burden
of variants in a gene, comparing disease
and control cohorts.

Epistasis

The interaction between independently
inherited genes leading to a change in
the phenotypic expression.

Expressivity

The degree to which a particular
genotype is expressed phenotypically,
reflecting individual variability owing to
the environment, modifier genes and
epigenetics.

Neutrophil extracellular traps
(NETs). Net-like structures primarily
composed of chromatin and

antimicrobial proteins released by dying
neutrophils.

Pleiotropy
Denotes that a genetic variation can
affect multiple phenotypic traits.

Statistical fine mapping

A process of refinement after a
genome-wide association study to
identify variants that are likely to be
causal; includes rigorous quality
control, high confidence in genotyped
single nucleotide polymorphisms and
analysis of a population large enough to
identify genes in linkage disequilibrium.

Trios
Refer to an affected proband and
their parents.
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Use of expression quantitative trait loci (eQTL), which are genomic loci
that canexplain the variance of expression phenotypesin different cell
types, can improve the validity of the mapping”. However, owing to
inconsistencies between the various modelsintegrating these factors,
GWAS genomic annotation is often still based on proximity to the SNP.

Multiple ancestry SLE GWAS that include hundreds of thousands
of cases and controls are now available. Summary data on SLE (acces-
sionID 0002690) can be obtained from the GWAS Catalogue, whichisa
curated online GWAS dataset delivered and developed by the European
Molecular Biology Laboratory-European Bioinformatics Institute and
the National Human Genome Research Institute (Fig. 1). In this data-
base, the genomic annotations for SNPs are provided by an Ensembl
mapping pipeline that assigns SNPs to genes based on proximity.

Common SLE genetic variants are consistently associated with
the highly polymorphic and gene-dense region encoding the HLA®®. The
haplotype and linkage disequilibrium inheritance patterns of HLA
complicate interpretation of SNPs in this region, but, given its cen-
trality toantigen presentation, the risk associationis likely tobe more
substantial than currently appreciated. Other notable SLE-associated
immune genes include STAT4, IRFS and BLK, which are all involved in
the regulation of type I IFN responses (reviewed in refs. 15,81-83).
Broadly, SLE GWAS suggest roles for complement activation, handling
of immune complexes, endosomal TLRs and type I IFN signalling, as
well as B cell tolerance and B cell receptor (BCR) signalling pathways.

Over the past five years, genetic association and linkage studies
have been adapted to the study of whole-exome sequences from SLE
pedigreesand burden analyses. One study searched for gene-disrupting
effects in two large SLE pedigrees from Iceland™. Although no single
variant segregated with disease in all affected individuals, a small set
of coding variants were shared by these families, with the most robust
effectfound at the FAM71E1/EMC10 locus (FAM71E1 p.L7F, rs185418641).
Thisis alow frequency variant, witha MAF in non-Finnish Europeans of
0.0096 (-1in 50 individuals, gnomAD genomes v3.1.2). A subsequent
study of 24 SLE pedigrees identified CDC27 as a gene that passed the
burden test based on variants with a MAF of 0.1 (present in1in 20
individuals)®*. Although no individual variant underwent functional
validation to establish disease causation, CDC27 expression was lowin
patients with SLE and correlated with disease activity indicators, such
aselevated C-reactive protein and erythrocyte sedimentation rate, and
low complement C3 and C4.

Rare variants

For decades, the prevailing view was that non-Mendelian SLE would
predominantly resultw from the additive effect of many common vari-
antsbutinthe past5yearsit hasbecome clear that rare variants (MAF
<0.005 (0.5%)), which are present in <1% individuals, are also likely to
contribute to disease, and can often have large effects®. WGS and WES
have enabled the interrogation of the entire non-coding and coding
genome in health and disease. The combination of segregation stud-
ies with functional analyses can often establish a causal relationship
between genotype and phenotype, even for previously undescribed
variants, referred to as ‘novel’, or that are very rare in the population
and thus unlikely to be revealed by GWAS.

Nearly adecade has passed since the first report of the use of WES
to uncover an SLE gene defect, which revealed a homozygous rare
TREXI missense variant in a child from a consanguineous family that
had severe SLE with CNS manifestations®. This report was the first
demonstration of childhood-onset SLE caused by a TREXI variant. An
increasing number of studies are now using WES, WGS or sequencing

Ancestry
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Fig.1|Mapped common variants identified by SLE GWAS. The figure
illustrates selected common variants that have been identified by systemic lupus
erythematosus (SLE) genome-wide association studies (GWAS). Genes associated
with significant single nucleotide polymorphisms (thatis, with agenome-wide
significance <5 x10%)**in the summary data from the GWAS Catalogue are
listed by ancestry®>**°”17 This figure includes only the most common genes
identified by five or more studies to improve validity of findings across multiple
ancestries —a comprehensive list of all SLE-associated genes found in two or
more SLE GWAS can be found in Supplementary Fig. 1. Studies exploring shared
susceptibility or response to treatment have been excluded. A filled-in box
denotes that the gene has been mapped by that GWAS.

gene panels to screen for novel or rare coding and non-coding variants
in genes that are either associated with SLE based on GWAS or known
to cause monogenic SLE” 142,

In our 2019 study, we found that >80% of patients with SLE carry
variantsingenes associated with SLE, including functional BLK variants,
which were detected in up to 12% of patients'. Importantly, although
therare variant burden was not significantly different between patients
and healthy individuals after correction for multiple testing and
inferred ethnicity, the functional consequences differed. Variants
that were found only in patients failed to repress IFNf3 activity in a
luciferase assay, in contrast to rare BLK variants that were found only
inhealthyindividuals. Notably, a2021 study of the same cohorts found
that the rare variant burden was higher in patients when the test was
restricted to variants that affected proteins within the endosomal
and/or TLR pathway®. Our 2019 study highlighted the importance of
functional validation for strengthening the link to causation. This work
also uncovered novel mechanisms by which B cell scaffold protein with
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ankyrin repeats (BANK1) and tyrosine protein kinase BLK prevent auto-
immunity — BANK1silences TNF receptor-associated factor 6 (TRAF6)
in sequestosomes and BLK limits the nuclear translocation of IRFS5.

In a Swedish study, sequencing of 71 trios revealed a significant
enrichment in ultra-rare (MAF <0.001 (0.1%)) nonsense and missense
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Fig. 2| Cell-specific expression of SLE GWAS genes. The heatmap illustrates
thelog2-transformed expression of genes associated with significant single
nucleotide polymorphisms in two or more systemic lupus erythematosus (SLE)
genome-wide association studies (GWAS) in ten key types of immune cel[¥*76°71537177
(Supplementary Fig.1). Theseimmune cell subsets include age-associated B cells
(ABCs), which have been defined as CD19°CD27 CD21 CD10™ B cells. Genes that
are most highly expressed in ABCs relative to any other cell type are shown —a
more comprehensive figure for the cell-specific expression of all significantly
associated SLE GWAS genes can be found in Supplementary Fig. 2. The heatmap
was created using the online transcriptome database GENEVESTIGATOR
(Affymetrix Human Genome U133 Plus 2.0 array) and a compendium-wide
analysis using conditional search of cell types. Hierarchical clustering performed
by cell type. NK cell, natural killer cell.

variants in 22 genes known to cause monogenic SLE, with 21 variants
found in 18 patients, and 8 of them thought to have high potential to
contribute to SLE’. The UK Juvenile-Onset SLE Cohort Study™ sequenced
apanel of23 genes associated with Mendelian SLE, as well as 40 genomic
regions and 59 genes associated with SLE by GWAS. C3, SAMHDI, TREX1
and the RNASEH2 family harboured the most variants. This study also
noted that patients with genetic risk variants developed neuropsy-
chiatric symptoms over time; this effect might have been linked to
anobserved enrichment in interferonopathy-causing gene variants.

A small WES study in seven children with SLE and lymphoprolif-
eration, revealed somatic NRAS activating variantsin four of the seven
patients, and nonsense and missense mutations in TNFAIP3and PIK3CD
in two of the remaining three patients'. These findings highlight that
lymphoproliferation is probably part of the ALPS spectrum and less
likely to be driven by interferonopathy-causing genes. Rare variants
affecting the expression of SLE gene-associated loci have also been
found in non-coding regulatory regions of the genome, including
functional SNPs regulating the ITGAM1, IRFS5, ETS1 and TNIPI loci®.

Trio studies can reveal gene variants that have high potential to
be pathogenic such as de novo and compound heterozygous (also
known as biallelic) variants, as highlighted above with the discovery of
monogenic SLE caused by TLR7 GoF or SAT1 LoF. Two-thirds of severe
genetic diseases that occur in the neonatal period and infancy are
caused by de novo variants®. A de novo frameshift variantin TNFAIP3,
which encodes TNFAIP3 (also known as zinc-finger protein A20), was
found in a proband with neuropsychiatric SLE®®, This gene has been
linked to multiple autoimmune diseases by GWAS, including SLE¥. The
variant impaired K63-linked ubiquitylation of TRAF6 in vitro, which
suggests a contribution to disease, although a causal relationship
cannot beinferred.

Using trio sequencing, we identified a de novo P2RY8 LoF variant
inchildhood-onset SLE and several P2RY8rare variantsinadult SLE and
primary antiphospholipid syndrome®'. The variants were damaging
to protein function in vitro. Of note, although P2RY8 is not present in
mouse B cells, these could be retrovirally transduced to express the
wild-type or mutant protein. These assays showed impaired germinal
centre confinement of B cells expressing variant P2RY8 and uncovered a
role for P2RY8in enforcing negative selection of B cells at the transition
from immature to follicular recirculating stage and limiting plasma
cell formation.

Inanother case of childhood-onset SLE, we identified a missense
de novo variant in PACSINI (ref. 90). This PACSINI variant (termed
Q59K) interferes with the ability of TRAF4 to repress TRAF6, leading
to increased type 1 IFN production. Of note, although the biochemi-
cal assays in human cells and cell lines showed that the human Q59K
variant has profound effects, such as augmented IFN productionin
response to TLR7 ligands, the orthologous variant only causes mild
phenotypes in mouse B cells. Thus, although the results support a
contributing effect of the variant to human SLE, whether it is sufficient
to cause disease cannot be determined. Differences in mouse versus
human phenotypes are frequently seen in autoimmune disease and
might be explained by redundancy between gene family members in
mice, or the requirement for environmental triggers or specific genetic
backgrounds, including HLA haplotype for expressivity.

The challenge of variant interpretation

The growing use of genomic sequencingin the clinicis rapidly produc-
ing an ever-increasing list of putative disease-causing variants. Their
clinical utility relies on our ability to classify those variants according
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to the likelihood that they are disease-causing. Variant interpretation
has important ramifications for clinicians, patients and their families,
asitcanprovide agenomic diagnosis (thus ending the diagnostic odys-
sey and offering reproductive optionsin families with inherited severe
disease) and guide the use of precision therapies. In a clinical setting,
the American College of Medical Genetics and Genomics established
aframework for variant interpretation that is useful to establish vari-
ant pathogenicity, particularly for variants occurring in genes that are
already known to be disease-causing”. Within this framework, causal
relationships between a gene variant and disease can often be estab-
lishedinthe absence of functional validation. For example, if ade novo
variantis predicted to cause LoF inagene whose loss isaknown mecha-
nism of disease, then the variant can already be classified as patho-
genic. As the number of sequencing studies identifying rare variants
in patients with SLE and the sizes of cohorts increase, the accuracy
of variant classification and ability to predict pathogenicity will also
increase.

An National Institutes of Health initiative known as the Clinical
Genome Resource (ClinGen) consortium was launched in 2013
with the aim of creating an authoritative public resource to further
refine and standardize the criteria used to evaluate sequence vari-
ant pathogenicity for application to clinical diagnosis and precision
therapies. This resource was tasked with aggregating genomic and
health data, and curating disease genes and gene variants according
to gene disease validity, variant pathogenicity, gene dosage sensitiv-
ity and clinical actionability®. In 2022, aRheumatologic Autoimmune
Clinical Domain Working Group was created, and plans are under-
way to incorporate gene and variant curation expert panels focused
on SLE. This multi-institutional team will classify the clinical validity
of SLE genes and determine variant pathogenicity.

Integrating genetic information

The genetic risk associated with common, rare, ultra-rare and novel
variants, and their respective weighted effect sizes, can be integrated
to create polygenic risk scores (PRS) to help predict the likelihood of a
particular clinical phenotype®. Risk variants are assumed to be inher-
itedindependently, so the effect sizes associated will be additive, which
is how the PRS is currently calculated®. Although this approach does
not take into account inter-gene or gene-environment interactions,
twin studies suggest that an additive paradigm probably reflects true
risk heritability™. In SLE, ancestry-matched predictors (that is, PRS
applied to a patient of the same ancestry as that from which the
PRS was created) are significantly better at predicting disease risk than
ancestry-mismatched predictors’. Some translatability exists between
similar ancestry groups — for example, a GWAS dataset from Chinese
patients has been used to create a valid PRS model for Thai patients
that can distinguish individuals with SLE from healthy individuals®.

Analysis of cell-type-specific gene expression

Another approachtointegrating and distilling information gleaned by
GWAS isto compare gene expression dataacross multiple cell types. Sev-
eral transcriptome datasets are available, including GENEVESTIGATOR,
anonline databaseincorporatinginformation from multiple publicand
private gene expression studies, including the Gene Expression Omni-
bus managed by the National Center for Biotechnology Information, and
The Cancer Genome Atlas supervised by the National Human Genome
Research Institute. Integrating gene expression profiles with GWAS of
autoimmune diseases highlighted animportantrole for B cellsin SLE?,
Similarly, analysis of epigenetic data using amarker of active enhancers
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Fig. 3| Cell-specific expression of genes characteristic of ABCs. The heatmap
illustrates the log2-transformed expression of age-associated B cell (ABC)
markers in ten key types ofimmune cells. The heatmap was created using the
online transcriptome database GENEVESTIGATOR (Affymetrix Human Genome
U133 Plus 2.0 array) and a compendium-wide analysis using conditional search of
celltypes. ABCs were defined as CD19°CD27 CD21"CD10" B cells. NK cell, natural
killer cell.

(acetylated histone 3 lysine 27 (H3K27Ac)) across different cell types
revealed that B cells are likely to be the mostimportant cell type in SLE®.

Across ten human immune cell subsets, a large fraction of SLE-
associated genes are most highly expressedin CD19*CD21"CD27 CD10~
B cells, followed by neutrophils (Fig. 2). Although these cells were
termed ‘anergic B cells’in the study that generated the transcriptomic
data”, the CD19*CD21"CD27 CD10™ B cell subset is now known to cor-
respond to ABCs, which are atypical B cells that are also known as
CD1ic* or double negative 2 (DN2) B cells*'°%'%! Specifically, these
cells express high levels of TBX21 (encoding T-bet), FCRL2, FCRLS,
FCRL3, ITGAX (encoding CD11c), which are typical ABC markers, and
other genes known to be highly expressed in ABCs, including ITGAM
(encoding CD11b), TLR7 and ZEB2 (Fig. 3).

Further evidence that CD19°CD21"CD27 B cells are ABCs comes
from their characterization in a 2021 study, in which nearly 95% of
CD19*CD21°CD27 human circulating B cells were IgM™~ and CD11c*
(ref. 100). These CD19°CD21°CD27" cells also express the phenotype
(Fig. 4) and transcriptional profile that characterize ABCs in patients
with SLE'®°, Further, the study showed that ABCs with this same tran-
scriptomic profile are found in patients with other autoimmune dis-
eases such as rheumatoid arthritis'®, in patients with common variable
immunodeficiency who also present with autoimmune manifestations,
and inindividuals with HIV infection or malaria'®®.

ABC biology. ABCs wereinitially described in 2011 by twoindependent
groups of researchers and were found in aged or autoimmune-prone
mice'*'%*, Subsequent studies in humans detected these atypical,
activated B cell subsets in individuals with autoimmune or infec-
tious diseases, and noted that they have phenotypic markers that
overlap with those of mouse ABCs and activated naive B cells'*>'°,
ABCs are typically class-switched antigen-experienced B cells that
are characterized by the expression of CD11c (traditionally associated
with DCs) and Fc receptor-like protein 5 (FCRL5); unlike recirculating
naive follicular B cells, ABCs express very low amounts of CD21, CD23
and CXC-chemokine receptor 5 (CXCR5)*1°+197"10° Remarkably, ABCs
found in the context of autoimmunity are phenotypically similar to
those identified in the context of infection and ageing'°*"', although
they might be functionally different™.
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CD1ic*Bcells are heterogeneous and whether they represent adis-
tinct B cell subset remains controversial. Nonetheless, transcriptomic
signatures obtained from both bulk and single-cell data, can distinguish
ABCs from other B cell subsets fairly convincingly, particularly in terms
of unique migration and activation requirements®>%*>°010812 The
ABC signature includes high expression of specific surface integrins
required for cell adhesion and migration (aX integrin (also known as
CDl1lc and encoded by ITGAX) and 32 integrin (encoded by /TGB2)),
unique transcription factors (T-bet, zinc-finger E-box-binding home-
obox 2 (ZEB2) and zinc-finger and BTB domain-containing protein 32
(ZBTB32)), cytokine receptors (IL-10 receptor (IL-10R) and IL-21R) and
chemokines (CXCL9 and CXCL10), and low expression of markers that
characterize other B cell subsets (CD27, CXCR5, complement receptor
type 2 (CR2) and low affinity immunoglobulin-& Fc receptor (FCER2))
(Fig. 5). Although both human and mouse ABCs can be identified by
high expression of CD11c and FcRLS5, as well as low expression of CD21
and CXCRS, some inter-species differences might exist. For example,
mouse splenic ABCs cells comprise bothIgM*and IgM™ cells, whereas

human circulating ABCs are largely isotype-switched'**1%5"%, Nev-
ertheless, some evidence suggests that spleen and circulating ABC
poolsarenotinequilibrium, possibly because some ABCs canbecome
spleen-resident’**.

ABC formation is driven by chronic inflammation and sustained
exposure to stimuli such as excessive autoantigens, TLR ligands,
cytokines and T cell help™. TLR7 signals are crucial for ABC forma-
tion, both in vitro and in vivo, which can be influenced by regulators
of the TLR7 pathway®#310*198115-17 The need for CD40 signals for ABC
formation and survival highlights a dependence on T cell help*">",
Cytokine signals, particularly IFNy and IL-21, are also essential for
ABC differentiation*">">""° Mice lacking the RHO GTPase-regulatory
proteins DEF6 and SWAP70, which bind to and sequester IRF5 in the
nucleus of ABCs, spontaneously develop an SLE-like disease with
accumulation of ABCs in an IRF5-dependent' and IRF8-dependent
manner"®,

In mice, ABCs can be derived from follicular B cells and show a
developmental trajectory that differs from that of germinal centre
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Fig. 4 | Human ABC phenotypes and their clinical correlates in SLE. Several
reports suggest that age-associated B cell (ABC) phenotypes are expanded in
patients with systemic lupus erythematosus (SLE) compared with controls.
Some studies found that disease activity either correlated (rows where no
cut-offis given for disease activity scores) or was associated (where discrete
scores are defined) significantly with ABC frequencies. Disease activity scores
and serology marked with an asterisk represent instances where no significant
correlation nor association with ABCs was identified. Of note, complement

C3 and C4 correlate negatively with ABC frequencies, and lupus nephritis

(LN) is significantly associated with an expanded ABC population. Grey boxes
represent untested or unreported results. ANUA, anti-nucleosome antibody;
dsDNA, double-stranded DNA; ECLAM, European Consensus Lupus Activity
Measurement; eGFR, estimated glomerular filtration rate; Mex-SLEDAI, Mexican
SLEDAI; RNP, ribonucleoprotein particle; SELENA-SLEDAI, Safety of Estrogens

in Lupus Erythematosus National Assessment — SLEDAI; SLEDAI, Systemic Lupus
Erythematosus Disease Activity Index. °LN classified according to American
College of Rheumatology (ACR) guidelines. °LN diagnosed through kidney
biopsy. ‘LN samples obtained from abiobank.
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Fig. 5| Formation and key molecular phenotype of ABCs and their interactions.
B cells present MHC-restricted antigens to T follicular helper (T,) cells or
effector T helper1(T,1) cells, with co-stimulation via CD40-CD40L. T1 cells
canalso secrete IL-21, which, in combination with Toll-like receptor 7 (TLR7)
ligands, drive the B cell to adopt an age-associated B cell (ABC) phenotype.

ABCs express high levels of CD19 and CD1lc, receptors for IL-21, IFNy, type |
interferon, IFNA and IL-10, and the transcription factors T-bet, ZEB2 and ZBTB32;

these cells also secrete IFNy. Detection of nucleic antigens via the endosomal
receptor TLR7 can also induce ABCs to become antibody-secreting cells.

ANA, antinuclear antibodies; BCR, B cell receptor; dsDNA, double-stranded DNA;
CD40L, CD40 ligand; IFNAR, interferon-o/3 receptor; IL-21R, IL-21 receptor; IRAK,
IL-1receptor-associated kinase; IRF, interferon regulatory factor; TCR, T cell
receptor; TRAF6, TNF receptor-associated factor 6; ZBTB32, zinc-finger and BTB
domain-containing protein 32; ZEB2, zinc-finger E-box-binding homeobox 2.

B cells'**. However, whether other B cell subsets can give rise to ABCs

and contribute to their accumulationinvivois unclear. ABCs can rap-
idly differentiate into antibody-secreting cells (ASCs), also known as
plasma cells, upon encounter with TLR stimuli'®%%, Although ABCs
produce fewer antibodies than CD138" plasmacells, CD138” ABCs seem
capable of antibody secretion™'. In lupus-prone mice, ABCs pro-
duce anti-chromatin autoantibodies and ex vivo cultures of mouse
ABCs showed that they can secrete autoantibodies of multiple
specificities'**'9"129122_ ABCs also have a hyperactivated state with
upregulated CD80, CD86 and MHClII expression, which can promote
immune synapse formation and interaction with T cells'*>'°*, This
hyperactivated state of ABCs is consistent with the hypermetabolic fea-
ture ascribed to them — transcriptome analysis suggests high glucose
uptake and mitochondrial respiration'?*'*, and real-time metabolic
measures, such as oxygen consumption rate, are increased'”'*°, ABCs
canalso migrate and infiltrate affected organsinmultiple diseases'** .

Elucidating the mechanisms of transcriptional regulation and their
effects onthe formation of ABCsisacrucial area of study in ABCbiology.
T-bet has been identified as a regulator of ABC formation in autoim-
mune conditions and hasbeen associated with the increased presence
of ABCs expressing IgG2A or IgG2C'°*?>1*° Furthermore, patients with
inherited T-bet deficiency have low frequency of CD11¢*CD21"" B cells
inthecirculation™. T-bet has beenimplicated in regulating ABC forma-
tion through metabolic control'’. However, although T-bet promotes
class switching to IgG2A or IgG2C, it does not seem to have a specific
roleinthe differentiation of ABCs"*'*2, By contrast, we and others have
foundthat ZEB2 hasacrucial rolein driving ABC formation in both mice
and humans (findings reported in preprint studies'*"**). B cell-intrinsic
ZEB2 deficiency impairs ABC differentiationin both autoimmune and
infectious diseases, suggesting that it might be the master regulator
that determines ABC identity and pathogenicity in SLE.

ABCs in SLE. Considerable evidence shows an expanded circulating
ABC population in SLE compared with healthy individuals (Fig. 4), in
an age-independent way*>', with higher frequencies in patients of

African ancestry compared with those of European ancestry*>">'*,
Beyond the pronounced type 1 IFN signature seen in SLE peripherally?*
and at sites of disease”, type Il IFN is required for ABC formation and
differentiation*"? and type Ill IFNA is high in SLE and positively cor-
relates significantly with frequency of ABCs". Interestingly, IFNLRI
is also upregulated in CD19°CD11¢'IgD"CD27 CD21 CXCRS5~ ABCs*
and in activated B cells from mice carrying an orthologue of ahuman
SLE-causing TLR7 variant’s,

Thefrequency of ABCsin human SLE associates significantly and
correlates positively with autoantibodies to nuclear antigens, including
dsDNA, ribonucleoprotein particle, RNA, Smith, chromatin, nucle-
osomes, Laand histones*>'*131351371%8 andisinline with the frequency
of plasma cells*"*. Human ABCs, which are similar to activated naive
cells'*?, seem to have the potential to become ASCs. In vitro, ABCs
sorted from patients with SLE produce IgG after stimulation with IL-21,
TLR7 and IL-10 (ref. 45), or co-culture with activated CD4" T cells'?.
These cells canalso acquire aCD27°'CD38" plasma cell-like phenotype
following co-culture withactivated CD4* T cells'; the culture superna-
tant contained autoantibodies to a plethora of self-antigens, including
histones and Smith protein. This plasma cell precursor phenotype is
consistent with the transcriptomic signature of bulk sequenced ABCs
inwhichthereis upregulation of IRF4 (and its target gene SLAMF7) and
PRDM]1, and downregulation of /IRF8 and BACH2. This transcriptomic
signature is consistent with a plasma cell fate*'™,

ABCs associate significantly and correlate positively with dis-
ease activity scores defined by measures such as the Systemic Lupus
Erythematosus Disease Activity Index (SLEDAI), and low complement
levels*133137138141 These associations were not found in some stud-
ies, but in these studies, the ABC population was either incorrectly
defined (for example, it included CD27" B cells'** or non-isotype-
switched cells'*®) or only partially characterized using limited surface
markers”*,

Most strikingly, the frequency of ABCs is consistently and sig-
nificantly higher in patients with LN than in healthy individuals or
in patients with non-LN SLE*/10713135137138 144145 The frequency of ABCs
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Fig. 6 | Therapeutic targets of ABCs. Several approaches might enable the
therapeutic targeting of age-associated B cells (ABCs). a, Depletion strategies
include CD19*-targeted chimeric antigen receptor (CAR) T cells and anti-CD20"
monoclonal antibodies. b, ABCs might also be targetable through extracellular
suppression strategies that target CD40-CD40 ligand (CD40L) co-stimulation,

B cell activation via B cell-activating factor (BAFF; also known as TNFSF13B),
belonging to the TNF family, and stimulation via IL-21and IFNy. Moreover,
intracellular suppression of ABCs could be achieved through inhibition of Toll-like

receptor 7 (TLR7) binding, or of signalling downstream of the B cell receptor
(BCR), TLR7, IL-21receptor (IL-21R) and IFNy receptor (IFNyR). AP-1, activator
protein1; APRIL, a proliferation-inducing ligand; BAFFR, BAFF receptor; BLNK,

B cell linker protein; BTK, Bruton’s tyrosine kinase; FCRLS, Fc receptor-like
protein 5; IRAK, IL-1 receptor-associated kinase; IRF, interferon regulatory factor;
JAK, Janus kinase; NF-kB, nuclear factor-kB; NFAT, nuclear factor of activated

T cells; PI3K, phosphoinositide 3-kinase; STAT, signal transducer and activator

of transcription protein; TRAF, TNF receptor-associated factor.

in these patients correlates negatively with estimated glomerular
filtration rate'”. Circulating ABC frequencies are highest in patients
with LN classeslll, IVand V (according to histopathological classifica-
tion of kidney biopsy samples)™ ">, Patients in disease remission after
treatment have significantly lower frequencies of circulating ABCs
than patients with active disease™’. These findings support a highly
correlated relationship between ABCs and LN.

Single-cell transcriptomic analysis of kidney biopsy samples dur-
ing flares of LN has shown that tissue from patients with disease (but
not healthy tissue from living donor kidney biopsies) contains alarge
and highly heterogeneous B cell cluster with some characteristics
consistent with an ABC signature®. An infiltration of CD20*CD11c"
(ref. 113) and CD20'T-bet" B cells™*® was also detected on histology of

kidney biopsies from patients with LN. The substantial frequencies
of ABCs in the inflamed kidney might be recruited from the circula-
tion, as suggested by the significant positive correlation between ABC
frequency in the circulation and ABC frequency in kidney tissue'®.

The similar transcriptomic profile of naive B cells and ABCs, together
with increased expression of activation markers in ABCs that form
part of the ABC transcriptomic signature®® suggests a continuum of
activation and in situ differentiation from naive cells to the distinct
ABC subset. This further supports the assertion that human ABCs are
also likely to develop in a germinal centre-independent manner and
represent an effector B cell response tailored to peripheral tissues®.
These data show that ABCs can be present in the kidneys of patients
with LN, and the significant correlations between circulating ABCs
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and disease activity, low complement, and high autoantibody titresin
LN, suggest that these cells are involved in the pathogenesis of kidney
damageinSLE.

Implications for treatment. Therapeutic approaches that disturb
ABC accumulation have beneficial effects in patients with SLE, which
suggests that they could be a promising therapeutic target (Fig. 6).
Monoclonal antibodies such as belimumab (targets BAFF) and rituxi-
mab (anti-CD20 antibody) had moderate effects on ABC reductionin
smallstudies™*'”. Of note, these effects were only observed early and
transiently in the case of rituximab. By contrast, anti-CD19 chimeric
antigen receptor (CAR) T cell therapy, which uses autologous T cells
to target CD19" cells only, seemed to eliminate CD21°"CD11c* ABCs
efficiently, as well as other memory B cell subsetsin all of five patients
withrefractory SLE'*. The high CD19 expression levels on ABCs, com-
bined withthe higher penetration of CART cellsinto tissues compared
with antibodies, might explainwhy CD19-targeted CART cellsare more
effective than belimumab or rituximab. All patients had LN classes II,
IVand V, which remarkably responded to CAR T cells as reflected by a
fallin proteinuria at 3 months and areduction in autoantibody titres;
overall disease activity also improved'. In addition to high expres-
sion of CD19, ABCs also have high surface levels of FCRL5 and SLAMF7.
Of note, FcRLS is not expressed on other B cell subsets and SLAMF7 is
only expressed in plasma cells in addition to ABCs; therefore, target-
ing FcRL5and SLAMF7 have potential as relatively selective targets for
ABCdepletion*'*,

Signals and regulators that are crucial for ABC development also
provide therapeutic targets. For example, preprint findings showed
the JAK-STAT pathway involved in cytokine signal transduction can
be targeted to suppress ABCs"*. Similarly, antagonists of molecules
thatsupport ABC differentiation (for example, TLR7,IL-21and CD40L),
andinhibitors of elements of the BCR pathway might also be treatment
options. Although mouse ABCs seem to rely less on BAFF signals for
survival than follicular or marginal zone B cells'**, BAFF promotes
human ABC induction®, highlighting inter-species differences and
the potential for including BAFF in combination therapiestoincrease
efficacy in humans. Targeting immunometabolism is another inter-
esting therapeutic option as ABCs seem to acquire hypermetabolic
features. Although therapies precisely targeting ABCs are still lacking,
many studies in lupus mouse models are underway to evaluate this
proof-of-concept for SLE therapy and will provide insights to help
define the best targets™*"",

Conclusion

Autoimmune diseases such as SLE have complex heritability patterns,
shaped by environmental factors and infection history, and manifest as
heterogeneous disease phenotypes. The study of common genetic vari-
ants associated with disease is possible through the unbiased screening
of large populations of patients and healthy individuals via GWAS.
Use of rigorous post-GWAS analyses, such as statistical fine mapping
and eQTLs, can improve the validity of the associations identified.
However, this approach describes lowly penetrant variants and explains
only aminor portion of individual risk heritability — few functional
inferences can be made. By contrast, monogenic causes of SLE, and
rare, ultra-rare and novel variants identified by sequencing of the
exomeor the whole genome, lead to highly penetrantand severe clinical
phenotypes. Their study enabled the development of in vivo models
of disease, the mechanistic exploration of molecular pathways and,
ultimately, functional validation, establishment of causality and testing

of therapeutic targets. The learning from common, rare, ultra-rare
and novel variants and monogenic causes of disease needs to be inte-
grated to gain a more comprehensive understanding of the genetic
architecture of SLE.

Published online: 12 July 2023
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