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Abstract

Background: Juvenile systemic lupus erythematosus (JSLE) is more severe when compared to adult-
onset disease, with higher disease activity, more organ damage and less favourable outcomes. Genetic

factors have been suggested to influence age at disease onset, disease phenotypes and severity of

SLE.

Aims: This study explored associations between genetic burden, approximated through alternate
allele counts (AAC), and age at disease onset, sex, ancestry, disease activity/severity, organ

involvement and treatments in jSLE.

Methods: 289 participants from the UK jSLE Cohort Study were studied applying a panel sequencing
approach covering 62 genes/genomic regions. Clinico-demographic features, disease activity and
treatments were recorded. Panel-wide AAC and gene-level alternate allele scores (GAAS) were
generated by counting and weighting alternate alleles considering their in silico predicted impact on
gene function. Correlation analyses were applied to investigate associations between genetic burden,
ancestry and age at diagnosis. Generalised linear models, adjusted for ancestry, sex and family history
of autoimmune/inflammatory diseases, were used to interrogate associations with organ involvement

and disease activity/severity.

Results: A weak inverse correlation was found between age at diagnosis and AAC (R=-0.15, p=0.01)
that was primarily driven by a moderate inverse correlation in South Asians (R=-0.28, p<0.001).
Black African/Caribbean patients exhibited higher AAC compared to remaining ancestral groups
(p<0.001). Constitutional (p<0.001), renal (p=0.001), haematological (p=0.001) and neuropsychiatric
(p=0.03) involvement and treatment intensity (p<0.001) were associated with AAC. GAAS
associated with clinical variables, including severity of neuropsychiatric (ACP5, TYK2, RNASEH2A,
p<0.001; RASGRP3, p=0.04) and renal (ACPS5, ITGAM, LYN, p<0.001; TNFAIP3, p=0.007)

involvement.

Conclusions: Genetic variability likely contributes to early disease expression in South Asian
patients. GAAS associate with organ involvement and disease activity/severity across ancestries.
Observations from this study argue for genetic risk assessment and future patient stratification

towards personalised treatment and care.



1. Background

1.1 Juvenile Systemic Lupus Erythematosus

1.1.1 Introduction

Systemic lupus erythematosus (SLE) is a severe, chronic, multisystem autoimmune and
autoinflammatory disease characterized by relapsing-remitting episodes of widespread inflammation
(1)(2). It can affect virtually any organ system, most commonly involving the skin, musculoskeletal
system, haematological compartment, kidneys, and central nervous system. SLE is clinically
heterogeneous, encompassing a broad spectrum of manifestations ranging from mild disease to life-
threatening organ involvement, and is marked by unpredictable flares and periods of remission of

variable duration.

Juvenile systemic lupus erythematosus (JSLE) is defined by disease onset before the age of 18 years
and accounts for approximately 15-20% of all SLE cases (3)(4)(5). Compared with adult-onset
disease, JSLE is associated with a more severe clinical phenotype, characterized by higher disease
activity at presentation, greater burden of organ involvement and damage, and a greater need for

aggressive immunosuppressive therapy (6)(7).

Mortality remains increased in SLE compared with the general population, with standardized
mortality ratios (SMR) of approximately 2.2 across all age groups (8). Notably, children and
adolescents with SLE experience substantially higher mortality, with an SMR of approximately 6.5,
representing a threefold increase compared with adult patients (8). These observations underscore the
critical importance of early recognition and timely diagnosis of jSLE to enable prompt therapeutic
intervention, limit irreversible organ damage, improve long-term outcomes, and reduce disease-

associated mortality.

1.1.2. Epidemiology

The reported incidence of jSLE ranges from 0.36 to 2.5 per 100,000 children per year, with a
prevalence between 1.89 and 34.1 per 100,000. Incidence rates vary considerably across geographic
regions, largely reflecting differences in the ethnic composition of populations, with higher rates
observed among non-Caucasian groups (9)(10).

Ethnicity also influences disease phenotype, severity, and outcomes. In particular, patients of Black

African/Caribbean ancestry exhibit a higher prevalence of renal involvement and are more likely to



receive intensive immunosuppressive therapies, including cyclophosphamide and rituximab,
compared with Caucasian patients (11)(12). In addition, non-Caucasian patients tend to develop jSLE
at a younger age than Caucasian patients (11).

The peak age of onset of jSLE is between 12 and 14 years. The disease shows a clear female
predominance; however, this sex disparity is less pronounced in jSLE than in adult-onset SLE, with

reported female-to-male ratios of approximately 5:1 in jSLE compared with 9:1 in adults (13).

1.1.3 Pathogenesis

The etiopathogenesis of SLE remains incompletely understood and is considered multifactorial,
resulting from complex interactions between genetic susceptibility, epigenetic regulation, hormonal
influences, and environmental triggers (14)(15).

Compared with adult-onset disease, genetic factors appear to play a more prominent role in jSLE, as
suggested by earlier disease onset, increased clinical severity, a less marked female predominance,
and the occurrence of lupus-like phenotypes in childhood associated with inherited disorders
(16)(17)(18). Familial aggregation further supports a strong genetic contribution, with siblings of
affected patients exhibiting a markedly increased risk of disease and higher concordance rates
observed in monozygotic compared with dizygotic twins (19)(20)(21). Genetic predisposition in
JSLE reflects alterations in genes involved in immune regulation, which may either directly cause
disease in rare monogenic forms or increase susceptibility to autoimmunity in genetically complex
disease (22)(23). In the latter scenario, additional environmental, hormonal, epigenetic, and
immunoregulatory factors are required for clinical disease expression (24)(25).

Regardless of the underlying genetic architecture, both monogenic and genetically complex jSLE are
characterised by profound dysregulation of the immune system, involving both innate and adaptive
immune responses (26).

A central pathogenic mechanism in jSLE is the dysregulation of the innate immune system,
particularly sustained activation of the type I interferon (IFN) pathway (27)(28)(29). Elevated IFN-a
levels are a hallmark of SLE and contribute to chronic immune activation and persistent inflammation
(30). Type I IFNs are produced predominantly by innate immune cells, including plasmacytoid
dendritic cells, monocytes, macrophages, neutrophils, and epithelial cells, in response to nucleic acid-
containing stimuli (31). Persistent IFN signalling amplifies immune responses and promotes loss of
tolerance (31).

Additional innate immune abnormalities further contribute to disease pathogenesis. Neutrophils from

patients with jJSLE exhibit increased susceptibility to apoptosis and enhanced propensity for NETosis,



a specialised form of inflammatory cell death characterised by the release of neutrophil extracellular
traps (NETs) composed largely of chromatin (32). NETs represent a major source of extracellular
autoantigens and are thought to contribute to autoantibody production and immune complex
formation. Excessive NET formation and/or impaired NET clearance have been described in jSLE,
reinforcing their pathogenic role in genetically predisposed individuals (32). Cells of the monocyte-
macrophage lineage, which are critical for the clearance of immune complexes and apoptotic debris,
also show functional impairment, including reduced phagocytic capacity and increased production of
type I IFNs, further amplifying inflammatory responses (33)(34).

Dysregulation of the adaptive immune system represents another hallmark of jSLE. The humoral
immune response is particularly prominent, as reflected by the production of a broad spectrum of
autoantibodies, predominantly directed against nuclear antigens (35)(36). These autoantibodies are
generated by activated plasmablasts and plasma cells, likely driven by excessive innate immune
activation. In parallel, patients with jSLE exhibit reduced numbers of regulatory B cells and increased
levels of B-cell-activating cytokines, such as B-lymphocyte stimulator (BLyS), indicating profound
disturbances in B-cell homeostasis (37).

Cellular adaptive immunity is also markedly altered (15). Circulating CD4* T cells are skewed
towards differentiated effector phenotypes, including effector memory and terminally differentiated
effector memory subsets, with a relative reduction in naive T cells (38)(39). Activated T cells
preferentially produce pro-inflammatory cytokines, such as interleukin-17A (IL-17A), while showing
impaired production of interleukin-2 (IL-2)(40). These abnormalities have important clinical
implications, as IL-17A-producing cells have been detected in target organs, including the kidneys
of patients with lupus nephritis, contributing to tissue inflammation and damage (41)(42).
Conversely, reduced IL-2 availability may disrupt the balance between effector and regulatory T cells

and impair cytotoxic CD8" T-cell function, further promoting immune dysregulation in jSLE (43).

1.1.4. Clinical presentation

JSLE is a highly heterogeneous autoimmune/inflammatory disease that may present with a broad
spectrum of clinical manifestations and disease severity, potentially affecting every organ or system
(44)(45). At disease onset, the most frequently reported symptoms are constitutional features,
including fatigue, fever, and weight loss, which are non-specific and overlap with those of more
prevalent conditions such as chronic fatigue syndrome (11). This clinical overlap contributes to

diagnostic delay, increasing the risk of under-recognition and subsequent irreversible organ damage.



Additional non-specific manifestations commonly observed at presentation include oral ulcers,
myalgia, arthralgia, lymphadenopathy, headache, and neuropsychiatric symptoms such as mood
disorders and headaches (11). Among objective clinical findings, arthritis (typically non-erosive),

malar rash, and renal involvement represent the most common signs at diagnosis.

Mucocutaneous manifestations are reported in approximately 60-80% of patients and encompass
malar rash, photosensitivity, nasal or oral ulcers, cutaneous vasculitis, and alopecia (46). Other
dermatological features, including Raynaud’s phenomenon, livedo reticularis, subacute cutaneous
lupus erythematosus, discoid lesions, and lupus panniculitis, may also occur but are more frequently

observed in adult-onset disease (46).

Renal involvement represents one of the most severe and clinically relevant manifestations of jSLE
(47)(48)(49). Overall, 50-80% of affected children develop urinary abnormalities or impaired renal
function during the disease course. The clinical spectrum of lupus nephritis ranges from
asymptomatic urinary findings to arterial hypertension, nephrotic syndrome, and progressive renal
failure. Renal disease is independently associated with increased mortality risk and greater long-term
damage accrual (47)(48)(49). Kidney biopsy is recommended in patients presenting with
deteriorating renal function, significant proteinuria, haematuria, or arterial hypertension, as
histological characteristics according to the ISN/RPS 2003 classification not only provide prognostic

information but also directly inform therapeutic decision-making (50).

Neuropsychiatric (NP) involvement is more prevalent and often more severe in JSLE compared with
adult-onset SLE (51)(52). Clinical manifestations include seizures, psychosis, cerebrovascular
events, peripheral nervous system involvement, headache, cognitive dysfunction, and mood or
anxiety disorders (51)(52). The presence of NP disease is associated with higher disease activity,

poorer overall prognosis, and increased mortality (53).

Haematological abnormalities are observed in more than 70% of patients with jSLE and occur more
frequently than in adult-onset SLE (54). These manifestations encompass a wide spectrum, including
autoimmune  haemolytic  anaemia, leukopenia, lymphopenia, and immune-mediated
thrombocytopenia (54). Nearly two-thirds of patients present with at least one cytopenia at diagnosis
or even prior to the formal recognition of SLE. Idiopathic thrombocytopenic purpura represents a
classical example of an early haematological presentation, with antinuclear antibody (ANA)
positivity and positive type I IFN signature identified as risk factors for subsequent lupus
development (55)(56). Autoimmune haemolytic anaemia, in particular, is associated with increased

disease severity and greater damage accrual (57).



Gastrointestinal (GI) involvement in jJSLE is heterogeneous and may occur as a direct manifestation
of disease activity, as a consequence of treatment-related adverse effects, or more rarely in the context
of macrophage activation syndrome (MAS)(58)(59)(60). Primary disease-related GI manifestations
include autoimmune hepatitis and lupus enteritis, whereas drug-related complications comprise toxic
hepatitis associated with non-steroidal anti-inflammatory drugs or methotrexate, and gastritis related
to glucocorticoid therapy. Hepatosplenomegaly and hypertransaminasemia may reflect MAS.
Additional GI features include non-specific abdominal pain, oesophageal dysmotility, serositis, and

pancreatitis (58)(59)(60).

Cardio-pulmonary involvement is less common in jSLE compared with adult-onset SLE (61).
Pericarditis and myocarditis represent the most frequently reported cardiac manifestations, while
coronary artery and valvular involvement are rare in the paediatric population. Pleural effusions,
pleuritis, acute and chronic pneumonitis, and pulmonary infiltrates constitute the main pleuro-

pulmonary manifestations observed in affected children (62).

MAS is a rare but life-threatening complication of systemic inflammatory diseases, including SLE
(63). The presence of unexplained persistent fever and cytopenia, in association with
hyperferritinemia, hypertransaminasemia and/or hypofibrinogenemia should prompt a high index of

suspicion for MAS, allowing for timely diagnosis and prompt initiation of appropriate treatment (63).

1.1.5 Laboratory examinations

Laboratory investigations play a crucial role in supporting the diagnosis of jSLE and in monitoring
disease activity over time (11)(44)(64). Baseline and follow-up assessments typically include a full
blood count to identify cytopenias, together with a direct Coombs test to evaluate immune-mediated
haemolysis. Biochemical investigations encompass liver, renal, and pancreatic function tests, which

may reflect disease involvement or treatment-related toxicity (11)(44)(64).

Inflammatory markers are routinely assessed, with erythrocyte sedimentation rate (ESR) commonly
elevated during disease flares, whereas C-reactive protein (CRP) levels are often normal unless a
concomitant infection is present (65). Complement levels, particularly C3 and C4, are frequently
reduced during periods of increased disease activity and are widely used as biomarkers of flare (66).
Additional investigations include coagulation studies and serum ferritin, the latter being especially
relevant when MAS is suspected (63). Measurement of immunoglobulin levels (IgG, IgA, and IgM)

may reveal polyclonal hypergammaglobulinaemia, reflecting immune system activation.



Immunological evaluation represents a cornerstone of jSLE assessment and includes the detection of
antinuclear antibodies (ANA), anti-dsDNA antibodies, and extractable nuclear antigen (ENA)
antibodies, such as anti-Sm, anti-RNP, anti-Ro, and anti-La (67). Screening for antiphospholipid
antibodies, anti-C1q antibodies, and antineutrophil cytoplasmic antibodies (ANCA) is also performed
(67). ANCA testing is particularly valuable in the differential diagnosis of lupus-related renal and
systemic manifestations. Moreover, ANCA positivity, when observed in conjunction with specific
clinical features such as lupus nephritis and hypocomplementemic urticarial vasculitis, may raise
suspicion for an underlying monogenic condition, including DNASE1L3 deficiency (68). Assessment
of renal involvement requires dedicated investigations, including urinalysis to detect proteinuria,
haematuria, and urinary casts, as well as quantification of proteinuria using the urine albumin-to-

creatinine ratio (69).

1.1.6 Diagnosis

The broad clinical heterogeneity characterising j]SLE poses significant diagnostic challenges (3)(44).
In addition, the absence of pathognomonic clinical manifestations or laboratory biomarkers means
that the diagnosis of jSLE is supported by the application of classification criteria. To date, no
classification criteria have been specifically developed or validated for jSLE, and all currently

available criteria sets are derived predominantly from adult-onset SLE cohorts (70)(71)(72).

The 1997 revised American College of Rheumatology (ACR) classification criteria remain the most
widely used and historically accepted framework for SLE classification (70). These criteria consist
of 11 clinical and laboratory items, with classification as SLE requiring the fulfilment of at least four
criteria. Clinical criteria include malar rash, discoid lupus, photosensitivity, oral or nasal ulcers, non-
erosive arthritis, serositis, renal involvement, and seizures or psychosis. Laboratory criteria comprise
haematological disorders, namely haemolytic anaemia with reticulocytosis, leukopenia,
lymphopenia, or thrombocytopenia, together with ANA positivity and the presence of at least one

among anti-dsDNA antibodies, anti-Sm antibodies, or antiphospholipid antibodies.

The Systemic Lupus International Collaborating Clinics (SLICC) classification criteria, published in
2012, have demonstrated higher sensitivity than the ACR criteria in the paediatric population
(71)(73)(72). These criteria include 17 items, divided into clinical and immunological domains, with
classification requiring at least four fulfilled criteria, including at least one from each domain. Clinical

criteria encompass acute and chronic cutaneous lupus, non-scarring alopecia, oral or nasal ulcers,



arthritis, serositis, renal disease, neurological manifestations, and haematological involvement.
Immunological criteria include ANA positivity, anti-dsSDNA and anti-Sm antibodies,
antiphospholipid antibodies, low complement levels, and a positive direct Coombs test. Notably, the
SLICC criteria allow classification of SLE in the presence of histologically confirmed lupus nephritis
together with ANA or anti-double-stranded DNA antibody positivity. In both the ACR-1997 and
SLICC-2012 criteria, all items are equally weighted.

More recently, the 2019 EULAR/ACR SLE classification criteria were developed to improve
sensitivity (72). This system includes seven clinical and three immunological domains, with a
weighted scoring system in which a total score of at least 10 points is required for classification. Key
innovations include the use of ANA positivity as a mandatory entry criterion, the inclusion of fever
among the clinical items, and the assignment of different weights to individual criteria. However,
studies evaluating the performance of the 2019 EULAR/ACR criteria in j]SLE have not demonstrated
superiority over the ACR or SLICC criteria, particularly in prepubertal patients and at disease onset
(74)(75). A major limitation in the paediatric setting is the requirement for ANA positivity as an entry

criterion, which may contribute to diagnostic delay in ANA-negative patients.

Overall, the ACR and SLICC criteria appear to provide the best sensitivity and specificity,
respectively, in JSLE (76)(77). Nevertheless, it is essential to recognise that these criteria were
developed for classification rather than diagnostic purposes and have not been formally validated in
paediatric populations. Therefore, the diagnostic evaluation of suspected jSLE should always involve

paediatric theumatology expertise to ensure timely and accurate diagnosis.

1.1.7. Treatment

In line with the treat-to-target (T2T) strategy, the primary goals of treatment in jSLE are to induce
disease remission or, when this is not achievable, to attain and maintain a low disease activity state
(LDAS), while minimising disease flares, preventing irreversible organ damage, and reducing long-

term disability, morbidity, and mortality (78)(79)(80).

Owing to the low prevalence of jJSLE, the conduct of adequately powered randomised clinical trials
remains challenging, resulting in limited high-quality evidence and disease-specific management
guidelines. Consequently, substantial variability exists in therapeutic approaches across countries,
regions, and individual centres, highlighting the need for internationally agreed, evidence-based

recommendations (81)(82). In this context, international collaboration is essential to ensure equity in



standards of care and harmonisation of clinical practice, as exemplified by the Single Hub and Access

point for paediatric Rheumatology in Europe (SHARE) initiative (64).

In parallel, advances in the understanding of the molecular and immunological pathophysiology of
SLE have enabled the development of personalised and target-directed therapies (3). Recent years
have witnessed unprecedented progress in the therapeutic landscape, including the approval of
biologic agents such as belimumab and anifrolumab and the emergence of innovative approaches like
chimeric antigen receptor (CAR) T-cell therapy (83)(84)(85). Although jSLE management remains
largely informed by adult-onset SLE data, an expanding body of paediatric-specific evidence
increasingly supports the use of biologic and targeted therapies, particularly in patients with refractory

disease or severe multi-organ involvement.

Glucocorticoids

Systemic glucocorticoids are the most frequently used first-line agents in jSLE due to their rapid anti-
inflammatory effects (86)(87). Oral prednisone, at doses of 1-2 mg/kg/day, is commonly employed
in patients with mild to moderate disease activity. In cases of severe disease, major organ
involvement, or acute flares, intravenous high-dose (1-2 mg/kg) methylprednisolone or pulses (30
mg/kg/dose max 1g/dose for 3-5 days) may be administered at presentation. However, prolonged
glucocorticoid exposure is associated with significant adverse effects, including Cushingoid features,
hyperglycaemia, dyslipidaemia, secondary osteoporosis, and growth impairment (88). For this
reason, steroid-sparing immunosuppressive therapies should be introduced early when adequate

disease control cannot be achieved.

Hydroxychloroquine

Hydroxychloroquine is an antimalarial agent widely used alone in the management of mild SLE, and
is generally well tolerated. Given its favourable safety profile, hydroxychloroquine is recommended
for routine use in all jJSLE patients, unless contraindicated (64). Although its precise mechanism of
action remains incompletely understood, it is known to inhibit endosomal Toll-like receptors (TLR3,
TLR7, and TLRY), thereby reducing IFN-a production (89). Retinal toxicity represents a potential
adverse effect, although the risk is low and primarily associated with prolonged exposure to high

doses or pre-existing ocular disease (89).

Disease-modifying anti-rheumatic drugs (DMARDs)



When persistent disease activity precludes glucocorticoid tapering, or in case of moderate-severe
disease activity at presentation, the addition of a disease-modifying anti-rheumatic drug (DMARD)

is recommended to achieve sustained disease control and minimise steroid-related toxicity (90)(91).

Mycophenolate mofetil (MMF) is an immunosuppressive agent that inhibits inosine monophosphate
dehydrogenase, thereby impairing de novo purine synthesis and selectively suppressing T- and B-
lymphocyte proliferation. MMF is a well-tolerated steroid-sparing agent and represents the most
commonly used first-line immunomodulatory therapy in many countries (92). In recent years, MMF
has increasingly replaced cyclophosphamide as first-line induction therapy for lupus nephritis.
Evidence from a Cochrane review suggests that MMF may be associated with higher rates of
complete remission in proliferative lupus nephritis compared with cyclophosphamide, with an

acceptable toxicity profile (93).

Azathioprine is another commonly used steroid-sparing immunosuppressive agent (94)(92). Its
mechanism of action involves inhibition of RNA, DNA, and protein synthesis, resulting in
suppression of both B- and T-cell function and reduced antibody production. Genetic screening for
thiopurine S-methyltransferase (TPMT) deficiency is recommended prior to treatment initiation, as
azathioprine is contraindicated in patients with absent enzyme activity and requires careful

monitoring in those with reduced activity due to the risk of myelotoxicity (95).

Cyclophosphamide is primarily reserved for remission induction in life-threatening disease or severe
major organ involvement, particularly lupus nephritis, vasculitis, and neuropsychiatric lupus
(90)(91). As an alkylating agent, it inhibits DNA replication, leading to lymphocyte depletion and
suppression of B- and T-cell responses. Its use is limited by significant adverse effects, including

myelosuppression, gonadal toxicity, haemorrhagic cystitis, and alopecia.

Methotrexate is infrequently used in jSLE and is generally restricted to patients with predominant
musculoskeletal or mucocutaneous manifestations, where it exerts its immunomodulatory effects
mainly through inhibition of dihydrofolate reductase and modulation of purine metabolism, leading

to reduced lymphocyte proliferation and cytokine production (90)(91).

Biological and targeted therapies

Advances in the understanding of the immunopathogenesis of SLE, particularly the central role of B

cells and type I IFN pathways, have driven the development of biologic and targeted therapies that



are increasingly relevant in these patients, especially in patients with refractory disease or severe

organ involvement (3).

Belimumab, a monoclonal antibody targeting B-lymphocyte stimulator (BLyS), is currently the only
biologic disease-modifying antirheumatic drug formally approved for use in jSLE (=5 years)
(83)(96)(97)(98). Its efficacy in reducing disease flares, enabling glucocorticoid tapering, and
maintaining disease control has been demonstrated in clinical trials, real-world cohorts, and long-

term extension studies across adult and paediatric populations.

Rituximab, a chimeric anti-CD20 monoclonal antibody, despite not being formally approved for SLE,
remains widely used in jSLE and is recommended in international guidelines for refractory disease
(99)(100)(101). Real-world data support its effectiveness, particularly in lupus nephritis and in
patients with persistent serological activity (102)(103)(104). More potent B-cell-depleting strategies,
including type II anti-CD20 antibodies such as obinutuzumab, as well as plasma cell-targeting
approaches, are emerging as promising options, although paediatric evidence remains limited and

largely derived from ongoing trials (105)(106).

Beyond B-cell-directed therapies, targeting the type I IFN pathway has represented a major advance
in SLE treatment (15). Anifrolumab, a monoclonal antibody against the IFN-a receptor, is approved
for adult SLE and is currently under investigation in paediatric populations, with early reports

suggesting potential benefit, particularly in cutaneous disease (84)(107)(108)(109).

In parallel, intracellular signalling inhibitors have emerged as promising therapeutic options in SLE
by targeting key pathways involved in immune activation and inflammation. Janus kinase (JAK)
inhibitors, through blockade of multiple cytokine signalling cascades have demonstrated encouraging
efficacy in adult SLE, particularly for mucocutaneous and musculoskeletal manifestations
(110)(111). Although paediatric experience remains limited, early case series and ongoing

mechanistic studies support a growing interest in their potential application to jSLE (112)(113).

Similarly, calcineurin inhibitors (CNIs) have a well-established role in the management of lupus
nephritis, exerting a dual mechanism of action by inhibiting T-cell activation via the calcineurin
pathway and stabilising the podocyte cytoskeleton. While traditional CNIs such as tacrolimus have
demonstrated efficacy, concerns regarding nephrotoxicity have driven the development of newer
agents with improved safety profiles, including voclosporin, which has shown significant benefit in

adult lupus nephritis (114)(115)(101)(100)(116). Although not yet approved for use in children, these



agents are currently under evaluation in adolescent populations, further expanding the therapeutic

landscape of j]SLE (NCT05337124, NCT05288855).

Finally, highly innovative immunotherapeutic approaches such as CD19-directed chimeric antigen
receptor (CAR) T-cell therapy have demonstrated sustained drug-free remission in adults with severe,
treatment-refractory = SLE,  with  emerging evidence of similar responses in
adolescents(117)(118)(119)(120)(121). While these strategies are potentially transformative, their

complexity, cost, and the need for long-term safety data currently limit their use to specialised centres.

Multitarget therapeutic strategies in lupus nephritis

Lupus nephritis is the most frequent severe manifestation of jSLE and a major determinant of long-
term morbidity and mortality. Despite high initial remission rates with conventional induction
regimens, renal relapses remain common, highlighting the limitations of the traditional sequential
treatment approach based on glucocorticoids combined with MMF or cyclophosphamide, followed
by maintenance therapy(122)(123)(124). In recent years, treatment strategies in adult lupus nephritis
have evolved towards a multitarget induction approach, combining glucocorticoids with
mycophenolate mofetil and either belimumab or calcineurin inhibitors, or low-dose
cyclophosphamide and belimumab. This strategy has been incorporated into major international
guidelines, including those from EULAR, KDIGO, and the ACR (101)(125)(126). Although not yet
formally approved for jSLE, increasing clinical experience suggests that multitarget regimens may
also be effective in paediatric lupus nephritis, allowing improved disease control and more rapid
glucocorticoid tapering without significant safety concerns (127)(128). These observations support
further evaluation of combination strategies in JSLE within both clinical practice and future paediatric

trials.

1.1.8 Disease monitoring

JSLE is characterised by marked clinical heterogeneity and an unpredictable disease course, with
alternating phases of remission and disease flares. Consequently, regular and systematic assessment
of disease activity is central to optimal patient management, in line with the T2T strategy (129)(130).
Patients should be reviewed at regular intervals, with each visit including a detailed clinical history

and a comprehensive physical examination aimed at identifying both active disease manifestations



and early signs of flare. In addition, the impact of disease on quality of life should be routinely

assessed using validated child health and well-being questionnaires.

Objective quantification of disease activity is essential for evaluating treatment effectiveness and
guiding therapeutic decisions. To this end, validated disease activity indices should be applied at
every clinical review. The most widely used instruments in both clinical practice and clinical trials
include the Systemic Lupus Erythematosus Disease Activity Index 2000 (SLEDAI-2K)(131), the
British Isles Lupus Assessment Group (BILAG) score (132), and the Physician Global Assessment
(PGA)(133). In parallel, annual assessment of cumulative organ damage using the SLICC/ACR
Damage Index is recommended (134)(135).

SLEDAI-2K

SLEDAI-2K is a validated composite index for the assessment of disease activity in SLE (131). It
comprises 24 clinical and laboratory items, each weighted according to the type of manifestation,
although not according to severity. The index captures activity across multiple organ systems,
including  neuropsychiatric, mucocutaneous, cardiopulmonary, renal, haematological,
musculoskeletal, and vascular domains, as well as the presence of fever, immunological abnormalities

such as anti-dsDNA antibodies, and low complement levels.

BILAG

The BILAG index is an organ-based disease activity assessment tool grounded in the principle of the
physician’s intention to treat. Its paediatric adaptation, the paediatric BILAG-2004 (pBILAG-2004),
has been specifically validated for use in children with SLE (132).

For each clinical encounter, disease activity is assessed across individual organ systems and graded

using a five-tier alphabetical scale (A-E):

e A: severe disease activity requiring urgent treatment escalation;

e B: moderate disease activity requiring close monitoring and often treatment adjustment;
o C: stable, low-level disease activity not requiring treatment modification;

e D: inactive disease with previous organ involvement;

e E: no current or previous involvement.

Numerical values are assigned to each category (A =9, B=3, C =1, D/E = 0), allowing calculation

of a global pBILAG-2004 score. According to BILAG definitions, a flare is classified as severe (“A



flare””) when a domain previously scored B-E worsens to A, and as moderate (“B flare”) when a

domain progresses from C-E to B.

Physician Global Assessment

The Physician Global Assessment is a subjective measure of overall disease activity based on the
clinician’s integrated evaluation of symptoms, physical findings, and laboratory results (133). It is
typically scored on a visual analogue or numerical scale ranging from 0 (no disease activity) to 3
(severe disease activity) and is most informative when used in conjunction with objective disease

activity indices such as SLEDAI-2K.

SLICC/ACR Damage Index

The SLICC/ACR Damage Index is a validated tool designed to quantify irreversible organ damage
accrued since disease onset, irrespective of ongoing disease activity (134)(135). The index
encompasses 17 organ systems, including mucocutaneous, cardiovascular, pulmonary, renal,
neuropsychiatric, musculoskeletal, haematological, gastrointestinal, and malignancy-related damage.
Each item is scored according to the presence and extent of permanent damage, with higher scores
reflecting greater cumulative burden. This index is typically assessed annually and provides valuable
information on long-term outcomes, treatment effectiveness, and prognosis, supporting longitudinal

monitoring and clinical decision-making in patients with jSLE.



1.2 Genetic architecture of SLE and disease heterogeneity

Despite convergence on shared immunopathogenic pathways, jSLE is characterised by marked
clinical heterogeneity (136). Differences in age at onset, disease severity, organ involvement, and
long-term outcomes suggest that variability in genetic background plays a central role in shaping
individual disease phenotypes (137)(22)(18). The genetic architecture of SLE encompasses both rare,
highly penetrant variants and a large number of common susceptibility alleles, whose combined

effects contribute to disease risk and heterogeneity (138)(139).

1.2.1 (Ultra-)rare variants and monogenic lupus

A small but clinically relevant proportion of SLE cases (3.5-15%) are caused by rare or ultra-rare
pathogenic variants in single genes, resulting in monogenic forms of lupus or lupus-like disease
(138)(140)(141)(142). These cases are more frequently observed in paediatric populations,
particularly among patients with very early disease onset, severe phenotypes, or atypical clinical
features (143).

Monogenic lupus arises from defects in genes involved in key immune regulatory processes,
including nucleic acid sensing and clearance, complement activation, apoptotic pathways, and
immune tolerance (144)(145). Although monogenic forms account for only a minority of SLE cases,
their study has been instrumental in elucidating fundamental disease mechanisms (144)(145).
Importantly, many of the pathways disrupted in monogenic lupus overlap with those implicated in
genetically complex SLE, supporting the concept that rare variants represent extreme examples of

dysregulation within shared pathogenic networks.

1.2.2 Common genetic variants and polygenic susceptibility

In the majority of patients, SLE develops as a genetically complex disease driven by the cumulative
impact of multiple common genetic variants, each conferring a modest increase in disease risk
(5)(2)(136). Genome-wide association studies have identified hundreds of SLE-associated loci,
predominantly affecting genes involved in innate and adaptive immune responses, cytokine
signalling, immune complex handling, and host defence mechanisms
(146)(147)(148)(149)(150)(151)(152).

The contribution of common variants to disease heritability is substantial and appears to be
particularly pronounced in jSLE, where patients often exhibit a higher overall genetic load compared
with adult-onset disease (153)(154). The human leukocyte antigen (HLA) region represents the
strongest genetic risk locus and shows marked ancestry-specific associations with both disease

susceptibility and clinical manifestations (155)(156)(157)(158). Together, these findings underscore



the polygenic nature of SLE and highlight the importance of considering cumulative genetic risk

rather than individual variants in isolation.

1.2.3 Genetic burden and risk modelling in SLE

In recent years, innovative genetic approaches have identified previously unrecognized SLE-
associated variation (159). A large multi-ancestral study including individuals of East Asian,
European, and admixed American ancestries applied multitrait analyses across 13 autoimmune and
inflammatory diseases, confirming known and identifying novel SLE risk loci (159). Given the
potential cumulative effect of common variants, genetic variability has been proposed as a tool to
predict disease outcomes and organ involvement in SLE through genetic risk scores (GRS), polygenic
risk scores (PRS), and genome- or gene-specific alternate allele counts (AAC).

GRS aggregate the effects of selected variants previously associated with SLE, whereas PRS capture
the cumulative contribution of thousands of variants across the genome derived from GWAS, not all
of which are individually linked to SLE; AAC, instead, consider all variants within a given genomic
region, regardless of prior disease association (160). Several GRS models have been proposed,
showing potential for patient stratification (18). Consistent with earlier studies, Dominguez et al.
reported an inverse association between non-HLA GRS and age at disease onset, while HLA GRS
correlated with older age at diagnosis (17). Webber et al. found that both HLA and non-HLA genetic
load were associated with lupus nephritis risk, with stronger (though non-significant) effects in jSLE
compared with adult-onset SLE (161). Misztal et al. further showed that jSLE patients with
monogenic disease do not differ in GRS from non-carriers, supporting the concept that rare
deleterious variants alone may drive early-onset disease (142).

Using PRS approaches, associations between both HLA and non-HLA scores and reduced estimated
glomerular filtration rate were demonstrated, suggesting a role for PRS in LN prediction and
monitoring (162). Similarly, higher PRS in genetically complex jSLE and aSLE compared with
controls have been described, whereas PRS in monogenic jSLE were comparable to those of healthy
individuals, indicating distinct genetic architectures between monogenic and polygenic disease (163).
Despite these promising findings, several limitations hinder clinical implementation. Most GWAS
underpinning PRS and GRS have been conducted in European populations, reducing accuracy in
other ancestries and raising equity concerns in genomic medicine (163)(164)(164). Additionally,
current models do not account for gene-environment interactions, epigenetic effects, or lifestyle
factors (165)(166). Finally, a substantial proportion of SLE heritability remains unexplained
(167)(168).



2. Aims

This study investigated overall patterns of genetic variability around previously reported SLE-
associated genes and risk loci in a multi-ancestral cohort, with a focus on cumulative alternate allele
burden, assessing the relationship between alternate allele counts (AAC), age at disease onset, sex,
ancestry, organ involvement clinical severity, and treatments. It furthermore explored associations

between gene-level alternate allele scores (GAAS), organ involvement and disease severity.



3. Methods
This study follows the STREGA (Strengthening the Reporting of Genetic Association Studies)
reporting guidelines (169).

3.1 Study Cohort

A total of 315 patients from the UK jSLE Cohort Study were initially enrolled in this study (137).
The UK jSLE Cohort Study includes two distinct cohorts: an established jSLE cohort, comprising
patients diagnosed with jSLE from 1995 to the present day (retrospective data), and a prospective
JSLE cohort, encompassing all newly diagnosed jSLE patients (since 2006) enrolled during the
ongoing study period (prospective data). For this specific study, patient data were collected up to
September 2022. All participants fulfilled the ACR 1997 classification criteria for SLE (> 4 items)
(136) and were diagnosed before their 18 birthday. We were not able to perform a formal power
analysis prior to this study, due to the absence of studies using a comparable design in this specific
disease area. Furthermore, sample size was pre-defined accessing a large national cohort in a rare
disease area. Written patient assent/consent and/or parental consent was obtained as appropriate. The
study received ethical approval from the National Research Ethics Service Northwest

(REC _06/Q1502/77). Research was carried out in accordance with the declaration of Helsinki.

3.2 Data collected

Comprehensive patient data were collected and analysed in the following areas: 1) Demographic
information, encompassing age at diagnosis, sex, self-reported ancestry, and family history of
autoimmune/inflammatory diseases in first-grade relatives (SLE, systemic connective tissue
diseases/CTD, rheumatoid arthritis/RA, endocrinopathies); 2) Disease activity, assessed at each study
visit using the pBILAG-2004 (138) and the SLEDAI-2K score, and damage at the last visit through
the SLICC/ACR standardised damage index (SDI) (174); 3) Prospectively collected clinical data,
including malar rash, discoid lupus, photosensitivity, oral and/or nasal ulcers, non-erosive arthritis,
serositis, nephritis, neurological, haematological, and/or immunological involvement, as per the 1997
ACR criteria for SLE; and 4) treatments. Patients were categorised in the “intensive treatment” group
if, throughout the disease course, they received either cyclophosphamide, rituximab or belimumab,
and/or two or more conventional DMARDs, excluding hydroxychloroquine, simultaneously for >2
consecutive visits, and in the “non-intensive treatment” group, when a maximum of one conventional
DMARD, including hydroxychloroquine, was used at a time (Table 1, Supplementary Table 1).

Ancestry inference was not performed in this study primarily because the available data were limited



to 62 genes/genomic target regions (exonic regions, exon:intron junctions), which represent only a
small fraction of the genome and are typically under strong functional constraint. A more detailed

rationale is provided in the discussion.

Considering all patient visits, we assigned a “severity” value to each pBILAG organ/system domain
based on the highest score ever recorded: “severe involvement” was attributed to any organ or system
that received a score of 'A' at any visit, “moderate involvement” was assigned if the domain's highest
recorded score was 'B', “mild involvement” was determined if the most severe score ever given was
'C". Lastly, “never involved” was the designation for any organ or system that received an 'E' score

across all visits.

3.3 Gene panel selection

Sequencing targets were selected based on a literature search (2018) targeting: 1) genes associated
with known Mendelian forms of SLE/SLE-like disease, and 2) SLE-associated risk alleles previously
identified through GWAS. As a result, 62 genes/genomic regions were selected for sequencing,
including exons and exon:intron junctions, as well as previously reported SLE-associated risk alleles,

as described previously (141).

3.4 Target sequencing and variant identification

Sequence capture probes (NimbleGen/Roche) were designed to target exonic regions and exon:intron
junctions of pre-selected genes (Supplementary Table 2). Sequencing libraries were prepared from
genomic DNA, hybridized to the probes and then sequenced with 150bp paired-end reads using
[llumina MiSeq technology (Illumina). Demultiplexing, adaptor and quality trimming (Cutadapt
v1.2.1, Sickle v1.2) of reads was performed (175,176). Polymerase Chain Reaction (PCR) duplicates
were identified and excluded from the dataset using Picard (177). Sequencing data were aligned to
the human reference genome (hg38) using bwa (178) and variants were subsequently detected with
Genome Analysis Toolkit (GATK) Software (178,179). Variant calling was performed jointly across
samples using the GATK Haplotype Caller. GATK base quality score recalibration was applied.
Variants were then filtered using the GATK Variant Filtration tool. Single nucleotide polymorphisms
(SNPs) were removed if they met any of the following criteria: Quality by Depth (QD) < 5.0, Quality
Score (QUAL) < 30.0, Strand Odds Ratio (SOR) > 3.0, (Fisher Strand) FS > 60.0, Mapping Quality
(MQ) < 40.0, Mapping Quality Rank Sum (MQRankSum) < -12.5, Read Position Rank Sum
(ReadPosRankSum) < -8.0. Variants passing the filtering thresholds were annotated using SNP Effect



(SnpEff) (180) and database of SNP (dbSNP) (181). Finally, data were extracted from the Variant
Call Format (vcf) file using the R packages VariantAnnotation (182) and vcfR (183). HLA class 1
regions were excluded from this project, as the high genetic variability within these regions
undermines the accuracy of standard variant calling methods. Genotype (GT) data were extracted and
converted into a matrix where genotypes were numerically encoded based on alternate allele counts:
homozygous reference (0/0) = 0, heterozygous (0/1 or 1/0) = 1, and homozygous alternate (1/1) = 2.

Missing genotypes (./.) were excluded from downstream analysis.

3.5 Alternate allele counts

Genotype calls were converted to reflect the number of alternate alleles per SNP (0, 1, or 2), and
samples with missing genotype data across any of the 4100 exonic SNPs were excluded to ensure
complete-case analysis. This meant 238/289 (82.4%) patients were retained for this analysis as they
had genotype information for all 4100 SNPs contained in the genome fractions studied and complete

clinical information.

Functional annotations (ANN), extracted from the INFO field of the VCF file, were used to assign
biological impact weights: MODIFIER and LOW = 1, MODERATE = 2, and HIGH = 3. For each
individual, the alternate allele count at each SNP was multiplied by its corresponding ANN weight,
and these values were summed to produce a weighted AAC score. The weighted AAC scores were
merged with the following 21 demographic and clinical variables: age at diagnosis; severity of
constitutional, mucocutaneous, neuropsychiatric, musculoskeletal, cardiorespiratory, gastrointestinal,
ophthalmic, renal and haematological involvement (pBILAG domains); presence of malar rash,
discoid lupus, photosensitivity, oral or nasal ulcers, non-erosive arthritis, serositis, nephritis,
neurologic, haematological and immunological disorders (1997 ACR classification criteria) and
treatment received (“non-intensive” versus “intensive”). As mentioned above, for each pBILAG
organ/system domain, patients were stratified into four mutually exclusive severity categories based
on the highest score ever recorded during follow-up: “severe involvement” (maximum score = A),
“moderate involvement” (maximum score = B), “mild involvement” (maximum score = C), and
“never involved” (only E scores across all visits). For the 1997 ACR classification criteria, patients

were categorised as “yes” (feature ever present) or “no” (feature never present) (Supplementary Table

1.

To identify associations between AAC and clinical phenotypes, generalized linear models (GLMs)

with a Poisson distribution were used. Each model included ancestry, sex, and family history of



autoimmune disease as covariates. P-values from the GLMs were adjusted for multiple testing using
the Benjamini-Hochberg false discovery rate (FDR) method. In addition, Pearson correlation analyses
were performed to evaluate relationships between AAC and continuous clinical outcomes, including
age at diagnosis, the highest SLEDAI and numeric BILAG scores ever recorded during follow-up,
and the SLICC-SDI at the latest visit. Correlation tests were also stratified by ancestry to explore
subgroup-specific associations, with FDR correction applied across tests. All methods can be
consulted in detail and fully reproduced in the publicly available R Markdown document

https://github.com/CBFLivUni/jSLE _paper/blob/main/scripts/AAC_calculation_and_analysis.Rmd.

3.6 Gene-level alternate allele scores

For each SNP and individual, a mutation burden score was calculated by multiplying the alternate
allele count by the assigned annotation severity value (as described above). Mutation burden scores
were then aggregated at the gene level by summing scores across all variants within a gene for each
individual. This resulted in a matrix of 62 Gene-level alternate alelle scores (GAAS) for all patients,
where rows corresponded to individuals and columns to genes. Note that SNPs present across all
patients were 3764 of the sequenced 4100 SNPs (91.8%), and the total number of patients included
was 289 (those with complete clinical data). To visualize sample stratification, PCA was performed
on the transposed gene-level score matrix using the prcomp() function. The first two principal
components (PC1 and PC2) were visualized using ggplot2, with patient samples coloured by ancestry.
To identify gene-level associations with clinical features, generalized linear models (GLMs) with a
Poisson distribution were fitted for each gene against a panel of 21 curated clinical variables,
corresponding to the same set of demographic and clinical features used in the AAC analyses. Each
model included additional covariates to adjust for ancestry, sex, and family history of autoimmune
diseases. Genes previously identified as pseudogenes, antisense transcripts, or non-coding RNAs
(n=26) were excluded from testing. Statistical significance of the clinical predictor was assessed using
chi-square tests from the model ANOVA. P-values were corrected for multiple testing using the

Benjamini and Hochberg method. Models with adjusted p-values <0.05 were considered significant.


https://github.com/CBFLivUni/jSLE_paper/blob/main/scripts/AAC_calculation_and_analysis.Rmd

4. Results

4.1 Cohort characteristics

Of the 315 jSLE patients sequenced, 289 (91.7%) were included in the GAAS analysis by excluding
SNPs lacking sequencing data across all patients as well as patients with incomplete
demographic/clinical information. For the AAC analysis, only patients with complete sequencing
information for all 4100 SNPs contained in the genome portions studied were included, resulting in
238/289 (82.4%) patients being analysed (Figure 1A).

Demographic and clinical characteristics of the two sub-cohorts were comparable (Table 1;
Supplementary Table 1). The subsequent description of demographics focuses on the larger cohort
subjected to the GAAS analysis.

The median age at diagnosis in this cohort was 12.8 years (interquartile range/IQR 10.3-14.5)
(Figures 1B), and most patients were female (83.7%). Patients of European ancestry represented
47.7% of the study population; 24.2% were South Asian, 16.6% African/Caribbean, 3.5% East Asian,
and 8.0% were of “other” Asian ancestry (Figure 1B). 18% of participants had a family history of
autoimmune/inflammatory diseases in first-degree relatives, including SLE (39.6%), systemic CTD
(47.2%), endocrinopathies (39.6%) and RA (22.6%). Notably, damage measured by SLICC-SDI was
low across the cohort, with a median score of 0 (IQR 0-1). Almost half of the participants (44.6%)

received “intensive” treatment throughout their disease course (Table 1).



Table 1: Demographic and clinical information on the study cohort.

JjSLE patients included in | jSLE patients included in
the alternate allele count the gene-level score
analysis (n=238) analysis (n=289)
Age at diagnosis, years 13.0[10.7-14.5] 12.8 [10.3-14.5]
(median [IQRY])
Sex, n (%)
Female 198 (83.2) 242 (83.7)
Male 40 (16.8) 47 (16.3)
Ancestry, n (%)
European 114 (47.9) 138 (47.7)
African/Caribbean 38 (16.0) 48 (16.6)
South Asian 57 (23.9) 70 (24.2)
East Asian 9 (3.8) 10 (3.5)
Other Asian 20 (8.4) 23 (8.0)
Family history autoimmune 48 (20.2) 53 (18.3)
diseases, n (%) 18 (37.5) 21 (39.6)
SLE 22 (45.8) 25 (47.2)
Systemic CTD 19 (39.6) 21 (39.6)
Endocrinopathies 11 (22.9) 12 (22.6)
RA
Highest SLEDAI score during
follow-up 20 (17-24) 20 (17-24)
(median [IQRY])
Highest numerical pBILAG score
during follow-up 21 (13-32) 21 (13-31)
(median [IQRY])
SLICC SDI at last visit
(median [IQRY]) 0 [0-1] 0[0-1]
Treatments, n (%)*
Intensive 109 (45.8) 129 (44.6)
Non-intensive 129 (54.2) 160 (55.4)

JSLE, juvenile systemic lupus erythematosus; IQR, interquartile range; CTD, connective tissue disease; RA, rheumatoid
arthritis; SLEDAI, Systemic Lupus Erythematosus Disease Activity Index; pBILAG, paediatric British Isles Lupus Assessment
Grade 2004; SLICC SDI, SLICC/ACR Damage Index.

*“Intensive treatment”: patients, throughout the disease course, received either cyclophosphamide, rituximab or belimumab,
and/or two or more conventional DMARDs, excluding hydroxychloroquine, simultaneously for > 2 consecutive visits. “Non-
intensive treatment”: a maximum of one conventional DMARD, including hydroxychloroquine, was used at a time.
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Figure 1. Demographic characteristics of the jSLE patient sub-cohorts. A) Venn diagram displaying the
overlap of study participants between the gene-level alternate allele scores (GAAS) (blue circle) and alternate
allele counts (AAC) (pink circle) analysis groups. Out of the 289 patients included in the GAAS analysis, (238,
82.4%) were included in both GAAS and AAC analyses, and no patients were included exclusively in the AAC
analysis. B) Demographic characteristics of jSLE patients included in the GAAS. The left panel illustrates the
age distribution in years at the time of diagnosis; the blue dotted line indicates the median age at diagnosis.
The right panel displays the ancestral composition.



4.2 Alternate allele counts inversely correlate with age at diagnosis

Based on previous studies suggesting that jSLE patients with early disease onset experience a higher
genetic burden (17), we investigated the possible relationship between AAC and age at diagnosis. A
weak inverse correlation between age at diagnosis and AAC was noted (R=-0.15, p=0.012, Figure
2A). Correlation analyses within each ancestral group revealed a moderate inverse correlation
between age at diagnosis and AAC among South Asian participants (R=-0.34, p=0.047) but no

significant correlation was found within the remaining ancestral groups (Figure 2B).
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Figure 2. Alternate allele counts (AAC) inversely correlate with age at disease onset. A) In a multi-
ancestral jSLE cohort, age at diagnosis (in years) and AAC are inversely correlated (R=-0.015, p=0.012). Data
points represent the number of alternate alleles in individual jSLE patients; a trend line indicates the direction
and strength of the relationship. The grey shaded area indicates the 95% confidence interval. B) Analysis of
the relationship between AAC and age at disease onset across the five different ancestral groups, reveals a
moderate inverse correlation between age at onset and AAC among South Asian jSLE patients (R=-0.34,
p=0.047). Each data point represents an individual sample, colour-coded by ancestry: African/Caribbean (red),
European (gold), East Asian (green), South Asian (blue), and “Other” Asian (purple). Trend lines indicate the
direction and strength of the relationships. The grey shaded areas represent the 95% confidence intervals.



4.3 Alternate allele counts are higher in patients of African/Caribbean ancestry

When comparing AAC across ancestries, higher scores were recorded in patients of
African/Caribbean ancestry compared to patients of other ancestral groups (p<0.001) (Figure 3A).
No significant differences were detected between male and female participants across ancestral
groups. Principal Component Analysis of GAAS across all 62 genes/loci included in this study
showed that patients of African/Caribbean ancestry cluster separately from other ancestries (Figure

3B).
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Figure 3. Alternate allele counts (AAC) reveal differences among ancestries. A) Distribution of AAC
stratified by ancestry and sex, showing higher AAC in patients of African/Caribbean ancestry, with no
differences observed between male and female participants across ancestral groups. Sex distribution across
ancestry groups: African females 33 (87%), males 5 (13%); European females 101 (89%), males 13 (11%);
East Asian females 5 (56%), males 4 (44%); South Asian females 43 (75%), males 14 (25%); other Asian
background females 16 (80%), males 4 (20%). Adjusted p-values are displayed (***p<0.001). Box plots
display interquartile ranges (IQR) and median values. Whiskers extend to 1.5-fold IQR, with outliers as
individual data points. Ancestral groups are labelled along the x-axis: African/Caribbean, European, East
Asian, South Asian and “Other” Asian. Sexes are separated by colour as indicated. B) Principal Component
Analysis (PCA) of GAAS highlighting the distribution across different ancestral groups. Each dot signifies an
individual data sample, with colour coding ancestry African/Caribbean, European, South Asian, and other
Asian background. The first principal component (PC1) accounts for 11.74% of the total variance, while the
second principal component (PC2) captures 9.42%. The points of African/Caribbean participants cluster
largely separated from the other ancestries. The distinct clustering of African/Caribbean participants is
encircled in red.



4.4 Alternate allele counts associate with organ involvement but not with disease activity or
damage

GLM analyses (Supplementary Table 3) identified relationships between AAC and severity of
pBILAG-2004 defined constitutional (p<0.001), renal (p=0.0016), haematological (p=0.0016) and
neuropsychiatric (p=0.03) involvement, and the presence of non-erosive arthritis (p=0.004) and malar
rash (p=0.03). We did not observe correlations between AAC and highest SLEDAI scores (R=0.044,
p=0.5; Supplementary Figure 1A), highest pBILAG scores (R=0.041, p=0.53; Supplementary Figure
1B) or SLICC-SDI at last visit (R=0.032, p=0.62; Supplementary Figure 1C).

4.5 Gene-level alternate allele scores associate with the severity of organ involvement

We found associations between 18 clinical variables and 13 genes (Supplementary Table 4, Figure 4).
Neuropsychiatric severity associated with GAAS of the genes Acid Phosphatase 5 (ACP5) (p<0.001),
Rat Sarcoma Guanyl Releasing Protein 3 (RASGRP3) (p=0.04), Ribonuclease H2 subunit A
(RNASEH24) (p<0.001) and Tyrosine Kinase 2 (TYK2) (p<0.001) (Figure 5A). Renal severity
associated with GAAS of ACP5 (p<0.001), Integrin Subunit Alpha M (ITGAM) (p<0.001), Lck/Yes
Novel Tyrosine Kinase (LYN) (p<0.001), and Tumor Necrosis Factor Alpha-Induced Protein 3
(TNFAIP3) (p=0.007) (Figure 5B). Haematological involvement severity associated with GAAS of
ACPS5 (p=0.003), Deoxyribonuclease 1 (DNASEI) (p=0.003), RNASEH2A4 (p<0.001), and Ubiquitin
Conjugating Enzyme E2 L3 (UBE2L3) (p=0.03) (Supplementary Figure 2A). Cardiorespiratory
severity associated with GAAS of Interferon Regulatory Factor 8§ (IRF8) (p=0.02), ITGAM (p<0.001)
and UBE2L3 (p=0.04) (Supplementary Figure 2B), while gastrointestinal severity associated with
ITGAM (p<0.001) and PX Domain Containing Serine/Threonine Kinase Like (PXK) (p<0.001)
(Supplementary Figure 2C).
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Figure 4. Associations between pBILAG organ domain severity and gene-level alternate allele scores
(GAAS). Heatmap showing adjusted p-values of associations between clinical severity and GAAS, including
the 12 genes displaying correlations between GAAS and pBILAG domain severity. Each cell represents a
specific gene (x-axis) and pBILAG organ domain severity (y-axis), with colour intensity indicating the strength
of the association. Darker red shades denote lower p-values, while blue shades indicate non-significant
associations. The adjusted p-value thresholds are categorized as follows: 0.0001 (darkest red), 0.001, 0.01,
0.05 (lightest red) and >0.05 (blue).
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Figure 5. Associations between severity of neuropsychiatric and renal involvement, and gene-level
alternate allele scores (GAAS). A) Neuropsychiatric severity significantly associates to ACP5 (p<0.001),
RASGRP3 (p=0.04), RNASEH2A (p<0.001) and TYK2 (p<0.001) GAAS. B) Renal severity significantly
associates to ACPS (p<0.001), ITGAM (p<0.001), LYN (p<0.001), TNFAIP3 (p=0.007) GAAS.



4.6 Alternate allele counts and gene-level alternate allele scores associate with treatment
intensity

Overall, patients in the “intensive” treatment group had significantly higher AAC compared to
participants receiving “non-intensive” treatment (p<0.001, Figure 6A). Participants from all ancestral
groups, except European patients, receiving “intensive” treatment exhibited higher AAC compared
to those receiving “non-intensive” treatment, although differences were only significant for
African/Caribbean participants (p=0.001) (Figure 6B), consistent with their overall higher disease
burden. Additionally, GAAS of ITGAM (p<0.001), LYN (p<0.001), PXK (p<0.001) and RNASEH2A

(p<0.001) associated with increased treatment intensity (Figure 6C).
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Figure 6. Alternate allele counts (AAC) and gene-level alternate allele scores (GAAS) associate and with
treatment intensity. A) Relationship between AAC and treatment intensity across ancestries, showing
significantly higher AAC in the “intensive treatment” group compared to the “non-intensive treatment” group
(***p<0.001). Box plots display interquartile ranges (IQR) and median values. Whiskers extend to 1.5-fold
IQR, with outliers as individual data points. B) Box plot illustrating the relationship between alternate allele
count (AAC) and two different treatment groups («intensive» and «non-intensive») across the five ancestral
categories, showing higher AAC in patients requiring intensive treatment (in red) compared to those receiving
non-intensive treatment regimens (in blue) among African/Caribbean jSLE patients (*p<0.05). Box plots
display interquartile ranges (IQR) and median values. Whiskers extend to 1.5-fold IQR, with outliers as
individual data points. C) Box plots showing the distribution of significant associations between GAAS and
treatment choices. Treatment intensity was significantly associated with ITGAM (p<0.001), LYN (p<0.001),
PXK (p<0.001), and RNASEH2A (p<0.001) GAAS. Box plots display interquartile ranges (IQR) and median
values. Whiskers extend to 1.5-fold IQR, with outliers as individual data points.



4.7 Alternate allele counts correlate with the subset alternate allele counts generated from
previously published SNPs

A strong correlation was observed between the originally calculated AACs and the subset AACs,
which were calculated using the 15 previously reported SLE-associated SNPs that were also captured
by our sequencing panel (R=0.47, p<0.001; Supplementary Figure 3A). However, when including
previously reported SNPs only, an inverse correlation between AAC and age at diagnosis was not
observed (R=-0.08, p=0.964; Supplementary Figure 3B). When stratifying by ancestry, European and
African/Caribbean ancestral groups followed similar trends when comparing the two AACs, though
significance was lost (R=0.05, p=1 and R=-0.08, p=1, respectively). In East Asians, a moderate but
non-significant inverse correlation emerged (R=-0.48, p=0.965), while no correlation was observed
in South Asian patients (R=-0.05, p=1) or those of “other” Asian ancestry (R=-0.07, p=1)
(Supplementary Figure 3C).



S. Discussion

In adult-onset SLE, associations between genetic variability, age at onset, ancestry, and disease
severity have been established (18,184,185). Preliminary reports suggest that, also in jSLE, increased
genetic impact associates with early disease onset and high disease activity, especially in patients of
African/Caribbean ancestry (17,18). This study represents the most comprehensive analysis currently
available in the age group, linking genetic variability across 62 SLE-associated genes/genomic
regions with demographic and clinical variables, as well as treatment. Although all patients were
recruited from study centers within a single nation, the cohort was multi-ancestral, with an expected
“SLE-typical” over-representation of "non-European" ancestry, when compared to national UK
census data (11,153) which allowed investigation of genetic disparities across ancestral groups.

The identified inverse correlation between AAC and age at diagnosis is in agreement with previous
smaller studies, adding weight to the hypothesis that genetic burden contributes to early disease onset
in JSLE (17,18,184). In this study, the inverse correlation between AAC and age at onset was mainly
driven by participants of South Asian descent. South Asian jSLE patients represented 24.2% of the
study population, while other non-European ancestries were less represented. Therefore, the relatively
small sample size among these ancestries likely limited the statistical power to detect similar
correlations. For example, a trend was observed in the African/Caribbean group, though it did not
reach significance.

While Webb ef al. reported an inverse correlation between genetic impact, age at disease-onset and
severity in JSLE patients of African descent in the United States of America (18), we failed to identify
associations between AAC and age at onset in the UK’s African/Caribbean sample population.
Differences may be explained by the more extensive sequencing panel approach chosen here (4100
vs. 19 SNPs) and the relatively small sample sizes across both cohorts (289 vs. 111 jSLE patients).
Nevertheless, this study confirmed increased overall AAC in jSLE patients of African/Caribbean
ancestry (compared to other ancestral groups) which may contribute to a lower threshold for SLE
development, an overall earlier age of onset, more severe disease and less favourable outcomes (80).
An association between ancestry, disease severity and the need for intensive treatment, particularly
among African/Caribbean patients, has been previously established in cohorts consisting of mostly
adult-onset SLE patients (79) (187). However, findings from this study not only confirm this pattern
in a paediatric multi-ancestral cohort, but they also link ancestry and phenotype-related differences
with increased overall genetic variability around SLE-related genes/loci. Although expected to some
extent based on previous studies reporting SNP-associations (188,189), here reported associations
between overall genetic variability, organ involvement (especially renal involvement and ACP3,

ITGAM, LYN and TNFAIP3) and treatment intensity underscore the importance of understanding



genetic factors and their role in shaping organ-specific disease features for the development of
individualised therapeutic approaches. Lastly, although SLE patients of Asian ancestry have
previously been suggested to experience an increased genetic risk in adult-onset SLE cohorts (190),
this study, when compared to other ancestries, did not detect higher AAC in children of Asian descent.
This may be due to the relatively small sample size, differences in the sequencing panels used across
studies, and/or possible differences between juvenile- and adult-onset SLE (37).

In addition to age at onset, AAC associated with the presence of certain clinical features. High AAC
associated with severity of renal involvement. This is of particular interest, because LN centrally
impacts on overall disease severity, associates with the use of “intensive” treatments, and contributes
to SLE-associated mortality (184,192). Notably, a recent GWAS also reported a correlation between
the development of LN and the number of SLE risk variants (184). Moreover, a large Canadian study
including both juvenile- and adult-onset SLE patients (1237 participants/572 jSLE) found
associations between SLE susceptibility loci and the risk of developing LN (161).

Although previous studies in predominantly adult-onset SLE cohorts suggested increased damage
accrual in patients with high genetic risk scores (185), this study did not detect correlations between
AAC and SLICC-SDI scores. This may be the result of overall low SLICC-SDI scores across the
study cohort (median: 0, IQR: 0-1), which could be attributed to SLICC-SDI having been developed
and validated for adult SLE patients, emphasizing aspects of potentially lower relevance to children
(including malignancy and diabetes mellitus) (134).

Key goals of genetic profiling across autoimmune/inflammatory diseases are the prediction of organ
involvement, disease outcomes and/or treatment responses (193). Among various associations
identified, we found organ domains uniquely associated to GAAS of specific genes, such as TNFAIP3
with renal severity and 7YK2 with neuropsychiatric severity. Additionally, in some cases, shared
associations were observed; for example, GAAS of 4ACP5 were associated with neuropsychiatric,
renal and haematological severity.

Several genes associated with specific organ involvement patterns are of particular interest as they
have previously been linked with genetically determined SLE-like diseases and/or are targets of
already available molecular interventions. For instance, recessive mutations in ACP5, encoding for
the tartrate-resistant acid phosphatase (TRAP), associate with spondyloenchondrodysplasia
(SPENCD). In line with organ domains associated with GAAS in this study, SPENCD is characterised
by increased IFN expression, central nervous system involvement, haematological manifestations,
vasculitis and renal involvement (194). Furthermore, genetic variability affecting RNASEH2A
associated with neurological and haematological involvement and severity. This gene has previously

been linked with the neurodegenerative disease Aicardi-Goutiéres syndrome (AGS), another



interferonopathy characterised by early-onset encephalopathy and lupus-like features (195). Notably,
both SPENCD and AGS patients show (at least limited) improvement in response to JAK/STAT
inhibitors that are used to control IFN expression (196), suggesting that genetic profiling may not
only predict organ involvement but also inform future treatment choices. Additionally, the tyrosine
kinase encoding 7YK2 gene is another IFN signalling related gene associated with neuropsychiatric
severity and the occurrence of discoid lupus. The pivotal role of TYK?2 in the JAK/STAT pathway
and IFN expression prompted the development of TYK2 modulators (deucravacitinib, brepocitinib).
While approval for the treatment of SLE is pending, deucravacitinib was effective and safe in adult
SLE patients (197). The tyrosine kinase encoding LYN gene was associated with disease severity
affecting the renal pBILAG organ domain. The Lyn kinase plays a key role in regulating B
lymphocyte signalling; mice carrying gain-of-function variants in Lyn exhibit circulating
autoantibodies and severe autoimmune glomerulonephritis (198). A genome-wide association study
in IgA nephropathy identified LYN as a risk locus (199), and a recent study in severe COVID-19
found LYN to be associated with progression of kidney damage (200). Notably, the Lyn/Ber-Abl
tyrosine kinase inhibitor bafetinib was efficacious and safe in acute lymphocytic leukaemia,
refractory/relapsing B cell lymphocytic leukaemia and prostate cancer (201). Finally, the observed
association between TNFAIP3 GAAS and renal severity is particularly interesting because
heterozygous loss-of-function mutations in 7NFAIP3 have recently been linked with
haploinsufficiency A20 (202). Patients affected by this autoinflammatory condition can exhibit SLE-
like phenotypes (153,203), and some can develop LN in the presence of autoantibodies and a
pronounced type I IFN signature (203). Findings from this and another recent study (204) therefore
suggest that variants in the TNFAIP3 may affect renal involvement and outcomes in SLE. Taken
together, associations between GAAS and organ involvement/severity may inform future
personalised jSLE management, including genetic risk assessment and patient stratification towards
individualised treatment and care. Such an approach could, for example, entail increased monitoring
frequency for renal function, proteinuria and blood pressure elevation or the choice of more
aggressive immunosuppressive treatment in j]SLE patients with elevated GAAS in ACPS, ITGAM,
LYN, or TNFAIP3. Indeed, similar approaches have already been introduced in cancer medicine (205).
This is the first study to show that high genetic risk scores (AAC) in jSLE patients associate with the
need for “intensive” treatment. While only reaching statistical significance among African/Caribbean
JSLE patients, this association remained across all ancestral groups, except European participants.
While the reason for this remains unclear and requires further investigation, genetic risk has been
reported “lower” among European patients as compared to other ancestries (206,207), which also

associates with “milder” disease courses and better outcomes (208).



Differences between allele counts and age at disease onset observed between AAC, measuring overall
genetic variation, and the subset AAC generated from previously reported SLE-associated SNPs,
highlight the impact of (ancestry- and potentially age-related biased) SNP selection in genetic studies.
A large proportion of previously published SLE-associated SNPs, more precisely 148/330 (44.8%),
were exclusively identified in East Asian populations (151). Previous studies overall had limited
representation of, e.g., South Asian or African/Caribbean jSLE patients, notably, two of the three most
represented ancestries in the dataset presented here (respectively 23.9/24.2% and 16/16.6% of the
cohort). Analyses restricted to a subset of previously published SLE-associated SNPs may therefore
have resulted in a loss of signal, particularly in underrepresented populations (such as South Asian
patients). This underscores the importance of inclusive and appropriately matched genomic datasets,
as limiting analyses to previously reported variants may skew associations, particularly in multi-
ancestral cohorts.

A key strength of this study is its focus on genetic variability across SLE-associated genes and regions
rather than limiting to specific previously identified risk alleles (usually from GWAS). While GWAS
have been instrumental in identifying individual SNPs associated with SLE risk, or protection from
disease or complications, the approach taken in this study provides a broader and, potentially, less
biased assessment of genetic burden by capturing the combined effect of multiple alternate alleles.
This perspective may offer insights into disease heterogeneity and severity, particularly in multi-
ancestral populations, and could complement existing analytic approaches by providing an alternative
or additional measure of variability and its impact on disease expression and/or phenotype. This is
reflected in the design of the sequencing panel, which was focused on exons, exon—intron junctions,
and regions around several previously reported risk alleles (153). Consequently, a large proportion of
sequences analysed here are located in coding or nearby regulatory regions, rather than in intergenic
areas where many GWAS hits are found. This choice aligned with our aim to assess gene-level
variation rather than replicate known SNP-level associations.

While this study highlights the potential of genetic assessment in guiding and personalising
clinical management for jSLE patients, several limitations require to be acknowledged. Despite
representing one of the largest jSLE cohorts available, the overall sample size remains relatively
small, especially when compared to studies in adult-onset SLE (17,185). This limitation is
particularly evident in subgroup analyses comparing sex across ancestries, where the number
of male patients, especially those of African or East Asian descent, was low. Additionally,
although the multi-ancestral composition of the cohort supports broader relevance, variability
in genetic backgrounds, healthcare systems, drug availability and socio-economic factors may

influence the generalizability of findings to other populations. Furthermore, the selection of



genes/loci was based on a literature review conducted in 2018. Consequently, SLE-associated
genes identified more recently, such as SA71, P2RY8 and DOCKI1I (209-211), were not included.
Another potential limitation may be related to the use of self-reported ancestry data. While this
approach may introduce some degree of misclassification, it remains widely accepted when
comprehensive genomic data are not available, as it has been shown to have good concordance with

genetically inferred ancestry (212).



6. Conclusions

This study underscores the important role of genetic variability in jSLE, demonstrating its key
contribution to early disease expression - particularly in jJSLE patients of South Asian ancestry - as
well as organ involvement, disease severity and the need for more intensive treatment. By capturing
a broader spectrum of genetic variability rather than focusing on previously reported SLE-associated
risk alleles, the approach taken in this study may provide new insights into how cumulative genetic
impact can influence disease heterogeneity. Prospective studies in larger, unrelated multi-ancestral
cohorts are required to validate these findings and further assess the need for more aggressive

treatments in patients exhibiting high GAAS in genes associated with specific manifestations.



7. References

1.

10.

I1.

12.

13.

14.

15.

Hoi A, Igel T, Mok CC, Arnaud L. Systemic lupus erythematosus. Lancet. 2024 May
25;403(10441):2326-38.

Tsokos GC. Systemic lupus erythematosus. N Engl J Med. 2011 Dec 1;365(22):2110-21.

Natoli V, Charras A, Smith EM, Hedrich CM. Juvenile-onset Systemic Lupus Erythematosus:
Recent Advances in Pathogenesis and Treatment. Curr Rheumatol Rep. 2025 Dec 18;27(1):42.

Charras A, Smith E, Hedrich CM. Systemic Lupus Erythematosus in Children and Young People.
Curr Rheumatol Rep. 2021;23(3):20.

Alexander T, Hedrich CM. Systemic lupus erythematosus — Are children miniature adults?
Clinical Immunology. 2022 Jan;234:108907.

Watson L, Leone V, Pilkington C, Tullus K, Rangaraj S, McDonagh JE, et al. Disease activity,
severity, and damage in the UK juvenile-onset systemic lupus erythematosus cohort. Arthritis &
Rheumatism. 2012 Jul;64(7):2356—65.

Brunner HI, Gladman DD, Ibanez D, Urowitz MD, Silverman ED. Difference in discase features
between childhood-onset and adult-onset systemic lupus erythematosus. Arthritis Rheum. 2008
Feb;58(2):556-62.

Chen YM, Lin CH, Chen HH, Chang SN, Hsieh TY, Hung WT, et al. Onset age affects mortality
and renal outcome of female systemic lupus erythematosus patients: a nationwide population-
based study in Taiwan. Rheumatology. 2014 Jan 1;53(1):180-5.

Hiraki LT, Feldman CH, Liu J, Alarcon GS, Fischer MA, Winkelmayer WC, et al. Prevalence,
incidence, and demographics of systemic lupus erythematosus and lupus nephritis from 2000 to
2004 among children in the US medicaid beneficiary population. Arthritis & Rheumatism. 2012
Aug;64(8):2669-76.

Rees F, Doherty M, Grainge M, Davenport G, Lanyon P, Zhang W. The incidence and prevalence
of systemic lupus erythematosus in the UK, 1999-2012. Ann Rheum Dis. 2016 Jan;75(1):136—
41.

Massias JS, Smith EMD, Al-Abadi E, Armon K, Bailey K, Ciurtin C, et al. Clinical and laboratory
characteristics in juvenile-onset systemic lupus erythematosus across age groups. Lupus. 2020
Apr;29(5):474-81.

Hiraki LT, Benseler SM, Tyrrell PN, Harvey E, Hebert D, Silverman ED. Ethnic Differences in
Pediatric Systemic Lupus Erythematosus. J Rheumatol. 2009 Nov;36(11):2539-46.

Hedrich CM, Smith EMD, Beresford MW. Juvenile-onset systemic lupus erythematosus (jSLE)
— Pathophysiological concepts and treatment options. Best Practice & Research Clinical
Rheumatology. 2017 Aug;31(4):488-504.

Dai X, Fan Y, Zhao X. Systemic lupus erythematosus: updated insights on the pathogenesis,
diagnosis, prevention and therapeutics. Sig Transduct Target Ther. 2025 Mar 17;10(1):102.

Crow MK. Pathogenesis of systemic lupus erythematosus: risks, mechanisms and therapeutic
targets. Annals of the Rheumatic Diseases. 2023 Aug 1;82(8):999-1014.



16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Carlomagno R, Gold N, Liao F, Cao J, Arnold PD, Burton CL, et al. Genetics of Childhood-Onset
Systemic Lupus Erythematosus. Arthritis Rheumatol. 2025 Nov;77(11):1524-32.

Dominguez D, Kamphuis S, Beyene J, Wither J, Harley JB, Blanco I, et al. Relationship Between
Genetic Risk and Age of Diagnosis in Systemic Lupus Erythematosus. The Journal of
Rheumatology. 2021 Jun 1;48(6):852-8.

Webb R, Kelly JA, Somers EC, Hughes T, Kaufman KM, Sanchez E, et al. Early disease onset is
predicted by a higher genetic risk for lupus and is associated with a more severe phenotype in
lupus patients. Ann Rheum Dis.

Wu CH, Chen CA, Lin SH, Weng CT, Kuo PL, Shieh CC. Increased risk of early-onset childhood
systemic lupus erythematosus for children born to affected parents: A nationwide child-parent
cohort study. Front Immunol. 2022 Sep 5;13:966809.

Deafen D, Escalante A, Weinrib L, Horwitz D, Bachman B, Roy-Burman P, et al. A revised
estimate of twin concordance in systemic lupus erythematosus. Arthritis & Rheumatism. 1992
Mar;35(3):311-8.

Sinicato NA, de Oliveira L, Lapa A, Postal M, Pelicari KO, Costallat LTL, et al. Familial
Aggregation of Childhood- and Adulthood-Onset Systemic Lupus Erythematosus. Arthritis Care
& Research. 2020;72(8):1147-51.

Bentham J, Morris DL, Graham DSC, Pinder CL, Tombleson P, Behrens TW, et al. Genetic
association analyses implicate aberrant regulation of innate and adaptive immunity genes in the
pathogenesis of systemic lupus erythematosus. Nat Genet. 2015 Dec;47(12):1457-64.

Rullo OJ, Tsao BP. Recent insights into the genetic basis of systemic lupus erythematosus. Ann
Rheum Dis. 2013 Apr;72 Suppl 2(0 2):1i56-61.

Woo JMP, Parks CG, Jacobsen S, Costenbader KH, Bernatsky S. The role of environmental
exposures and gene-environment interactions in the etiology of systemic lupus erythematous. J
Intern Med. 2022 Jun;291(6):755-78.

Refai RH, Hussein MF, Abdou MH, Abou-Raya AN. Environmental risk factors of systemic lupus
erythematosus: a case-control study. Sci Rep. 2023 Jun 23;13(1):10219.

Wahren-Herlenius M, Dorner T. Immunopathogenic mechanisms of systemic autoimmune
disease. Lancet. 2013 Aug 31;382(9894):819-31.

Elkon KB, Wiedeman A. Type I IFN system in the development and manifestations of SLE.
Current Opinion in Rheumatology. 2012 Sep;24(5):499-505.

Elkon KB, Stone VV. Type I Interferon and Systemic Lupus Erythematosus. :10.

Crow MK. Advances in understanding the role of type I interferons in systemic lupus
erythematosus. Current Opinion in Rheumatology. 2014 Sep;26(5):467-74.

Ferri DM, Nassar C, Manion KP, Kim M, Baglaenko Y, Munoz-Grajales C, et al. Elevated Levels
of Interferon-a Act Directly on B Cells to Breach Multiple Tolerance Mechanisms Promoting
Autoantibody Production. Arthritis Rheumatol. 2023 Sep;75(9):1542-55.



31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Eloranta ML, Ronnblom L. Cause and consequences of the activated type I interferon system in
SLE. J Mol Med (Berl). 2016 Oct;94(10):1103-10.

Hakkim A, Fiirnrohr BG, Amann K, Laube B, Abed UA, Brinkmann V, et al. Impairment of
neutrophil extracellular trap degradation is associated with lupus nephritis. Proc Natl Acad Sci
USA. 2010 May 25;107(21):9813-8.

Ma C, XiaY, Yang Q, Zhao Y. The contribution of macrophages to systemic lupus erythematosus.
Clin Immunol. 2019 Oct;207:1-9.

van Dooren HJ, Atisha-Fregoso Y, Dorjée AL, Huizinga TWJ, Mackay M, Aranow C, et al.
Interferon signatures fuel B cell hyperactivity and plasmablast expansion in systemic lupus
erythematosus. Journal of Autoimmunity. 2025 Jun 1;154:103438.

McClain MT, Heinlen LD, Dennis GJ, Roebuck J, Harley JB, James JA. Early events in lupus
humoral autoimmunity suggest initiation through molecular mimicry. Nat Med. 2005
Jan;11(1):85-9.

Lou H, Ling GS, Cao X. Autoantibodies in systemic lupus erythematosus: From
immunopathology to therapeutic target. J] Autoimmun. 2022 Oct;132:102861.

Atisha-Fregoso Y, Toz B, Diamond B. Meant to B: B cells as a therapeutic target in systemic
lupus erythematosus. J Clin Invest [Internet]. 2021 Jun 15 [cited 2026 Jan 30];131(12). Available
from: https://www.jci.org/articles/view/149095

Balasubramanian P, Balaji U, Santos MS, Baisch J, Smitherman C, Walters L, et al. Single-cell
RNA profiling of blood CD4+ T cells identifies distinct helper and dysfunctional regulatory
clusters in children with SLE. Nat Immunol. 2025 Nov;26(11):2100-11.

Piantoni S, Regola F, Zanola A, Andreoli L, Dall’Ara F, Tincani A, et al. Effector T-cells are
expanded in systemic lupus erythematosus patients with high disease activity and damage
indexes. Lupus. 2018 Jan;27(1):143-9.

Rauen T, Hedrich CM, Tenbrock K, Tsokos GC. cAMP responsive element modulator: a critical
regulator of cytokine production. Trends Mol Med. 2013 Apr;19(4):262-9.

Koga T, Ichinose K, Tsokos GC. T cells and IL-17 in lupus nephritis. Clin Immunol. 2017
Dec;185:95-9.

Apostolidis SA, Crispin JC, Tsokos GC. IL-17-producing T cells in lupus nephritis. Lupus. 2011
Feb;20(2):120-4.

Lieberman LA, Tsokos GC. The IL-2 Defect in Systemic Lupus Erythematosus Disease Has an
Expansive Effect on Host Immunity. BioMed Research International. 2010;2010(1):740619.

Hiraki LT, Benseler SM, Tyrrell PN, Hebert D, Harvey E, Silverman ED. Clinical and Laboratory
Characteristics and Long-Term Outcome of Pediatric Systemic Lupus Erythematosus: A
Longitudinal Study. The Journal of Pediatrics. 2008 Apr;152(4):550-6.

Hedrich CM, Zappel H, Straub S, Laass MW, Wieczorek K, Hahn G, et al. Early onset systemic
lupus erythematosus: differential diagnoses, clinical presentation, and treatment options. Clin
Rheumatol. 2011 Feb;30(2):275-83.



46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Chiewchengchol D, Murphy R, Edwards SW, Beresford MW. Mucocutaneous manifestations in
juvenile-onset systemic lupus erythematosus: a review of literature. Pediatr Rheumatol. 2015
Dec;13(1):1.

Chan EY hin, Marks SD. Childhood-onset lupus nephritis: unique aspects and challenges in
management. Kidney International. 2025 Nov 1;108(5):799-810.

Oni L, Wright RD, Marks S, Beresford MW, Tullus K. Kidney outcomes for children with lupus
nephritis. Pediatr Nephrol. 2021 Jun;36(6):1377-85.

Perfumo F, Martini A. Lupus nephritis in children. Lupus. 2005 Jan;14(1):83-8.

Weening JJ, D’agati VD, Schwartz MM, Seshan SV, Alpers CE, Appel GB, et al. The
classification of glomerulonephritis in systemic lupus erythematosus revisited. Kidney
International. 2004 Feb;65(2):521-30.

Natoli V, Charras A, Hahn G, Hedrich CM. Neuropsychiatric involvement in juvenile-onset
systemic lupus erythematosus (JSLE). Molecular and Cellular Pediatrics. 2023 Aug 9;10(1):5.

Appenzeller S, Pereira DR, Julio PR, Reis F, Rittner L., Marini R. Neuropsychiatric manifestations
in childhood-onset systemic lupus erythematosus. Lancet Child Adolesc Health. 2022
Aug;6(8):571-81.

Legge AC, Hanly JG. Recent advances in the diagnosis and management of neuropsychiatric
lupus. Nat Rev Rheumatol. 2024 Nov;20(11):712-28.

Kisaoglu H, Baba O, Kalyoncu M. Hematologic manifestations of juvenile systemic lupus
erythematosus: An emphasis on anemia. Lupus. 2022 May;31(6):730-6.

Granel J, Fernandes H, Wojciechowski E, Pillet P, Richer O, Clet J, et al. Type I interferon as a
pre-lupus marker in anti-nuclear antibody-associated childhood immune thrombocytopenic
purpura. Br J Haematol. 2025 Aug;207(2):543-51.

Ahn SM, Choi EJ, Oh JS, Kim YG, Lee CK, Yoo B, et al. Prognostic factors for the development
of systemic lupus erythematosus in patients with immune thrombocytopenia. Arthritis Res Ther.
2022 Sep 6;24(1):213.

Artim-Esen B, Cene E, Sahinkaya Y, Erdugan M, Oguz E, Giil A, et al. Autoimmune haemolytic
anaemia and thrombocytopaenia in a single-centre cohort of patients with systemic lupus
erythematosus from Turkey: clinical associations and effect on disease damage and survival.
Lupus. 2019 Oct;28(12):1480-7.

Sonmez HE, Karhan AN, Batu ED, Bilginer Y, Glimiis E, Demir H, et al. Gastrointestinal system
manifestations in juvenile systemic lupus erythematosus. Clin Rheumatol. 2017 Jul;36(7):1521—
6.

Trapani S, Rubino C, Simonini G, Indolfi G. Gastrointestinal and hepatic involvement in
paediatric systemic lupus erythematosus. Clin Exp Rheumatol. 2021;39(4):899-906.

Tahernia L, Alimadadi H, Tahghighi F, Amini Z, Ziaee V. Frequency and Type of Hepatic and
Gastrointestinal Involvement in Juvenile Systemic Lupus Erythematosus. Autoimmune Dis.
2017;2017:8097273.



61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Beresford MW, Cleary AG, Sills JA, Couriel J, Davidson JE. Cardio-pulmonary involvement in
juvenile systemic lupus erythematosus. Lupus. 2005 Feb;14(2):152-8.

Faleye A, Mahmood K, Al-Abadi E, Armon K, Bailey K, Brennan M, et al. Exploring the
prevalence of pulmonary involvement in juvenile-onset systemic lupus erythematosus: Data from
the UK JSLE Cohort Study. Reumatol Clin (Engl Ed). 2025 Nov;21(9):501975.

Parodi A, Davi S, Pringe AB, Pistorio A, Ruperto N, Magni-Manzoni S, et al. Macrophage
activation syndrome in juvenile systemic lupus erythematosus: A multinational multicenter study
of thirty-eight patients: Macrophage Activation Syndrome in Juvenile SLE. Arthritis &
Rheumatism. 2009 Nov;60(11):3388-99.

Groot N, de Graeff N, Avcin T, Bader-Meunier B, Brogan P, Dolezalova P, et al. European
evidence-based recommendations for diagnosis and treatment of childhood-onset systemic lupus
erythematosus: the SHARE initiative. Ann Rheum Dis. 2017 Nov;76(11):1788-96.

Littlejohn E, Marder W, Lewis E, Francis S, Jackish J, McCune WJ, et al. The ratio of erythrocyte
sedimentation rate to C-reactive protein is useful in distinguishing infection from flare in systemic
lupus erythematosus patients presenting with fever. Lupus. 2018 Jun 1;27(7):1123-9.

Clavarino G, Vigne J, Meuleman MS, Amen A, Rossi V, Dumestre-Pérard C. Complement in
systemic lupus erythematosus across time and space: from tolerance to tissue injury and from
extracellular to intracellular functions. Current Opinion in Immunology. 2025 Dec 1;97:102655.

Lou H, Ling GS, Cao X. Autoantibodies in systemic lupus erythematosus: From
immunopathology to therapeutic target. Journal of Autoimmunity. 2022 Oct 1;132:102861.

DNASEIL3 deficiency, new phenotypes, and evidence for a transient type I IFN signaling -
PubMed [Internet]. [cited 2026 Jan 29]. Available from:
https://pubmed.ncbi.nlm.nih.gov/35670985/

Moroni G, Radice A, Giammarresi G, Quaglini S, Gallelli B, Leoni A, et al. Are laboratory tests
useful for monitoring the activity of lupus nephritis? A 6-year prospective study in a cohort of
228 patients with lupus nephritis. Annals of the Rheumatic Diseases. 2009 Feb 1;68(2):234-7.

Hochberg MC. Updating the American college of rheumatology revised criteria for the
classification of systemic lupus erythematosus. Arthritis & Rheumatism. 1997 Sep;40(9):1725—
1725.

Petri M, Orbai AM, Alarcon GS, Gordon C, Merrill JT, Fortin PR, et al. Derivation and validation
of the Systemic Lupus International Collaborating Clinics classification criteria for systemic
lupus erythematosus. Arthritis & Rheumatism. 2012 Aug;64(8):2677-86.

Aringer M, Costenbader KH, Daikh DI, Brinks R, Mosca M, Ramsey-Goldman R, et al. 2019
EULAR/ACR Classification Criteria for Systemic Lupus Erythematosus. Arthritis Rheumatol.
2019 Sep;71(9):1400-12.

Sag E, Tartaglione A, Batu ED, Ravelli A, Khalil SMA, Marks SD, et al. Performance of the new
SLICC classification criteria in childhood systemic lupus erythematosus: a multicentre study.
Clin Exp Rheumatol. 2014;32(3):440-4.



74.

75.

76.

77.

78.

79.

80.

81.

82.

3.

&4.

85.

86.

87.

Smith EMD, Rasul S, Ciurtin C, Al-Abadi E, Armon K, Bailey K, et al. Limited sensitivity and
specificity of the ACR/EULAR-2019 classification criteria for SLE in JSLE?—observations from
the UK JSLE Cohort Study. Rheumatology. 2021 Nov 3;60(11):5271-81.

Aljaberi N, Nguyen K, Strahle C, Merritt A, Mathur A, Brunner HI. Performance of the New
2019 European League Against Rheumatism/American College of Rheumatology Classification

Criteria for Systemic Lupus Erythematosus in Children and Young Adults. Arthritis Care Res.
2021 Apr;73(4):580-5.

Abdwani R, Masroori E, Abdullah E, Al Abrawi S, Al-Zakwani 1. Evaluating the performance of
ACR, SLICC and EULAR/ACR classification criteria in childhood onset systemic lupus
erythematosus. Pediatr Rheumatol Online J. 2021 Sep 9;19:141.

Batu ED, Akca UK, Kisaarslan AP, Sag E, Demir F, Demir S, et al. The Performances of the ACR
1997, SLICC 2012, and EULAR/ACR 2019 Classification Criteria in Pediatric Systemic Lupus
Erythematosus. J Rheumatol. 2021 Jun;48(6):907—14.

Smith EMD, Aggarwal A, Ainsworth J, Al-Abadi E, Avcin T, Bortey L, et al. Towards
development of treat to target (T2T) in childhood-onset systemic lupus erythematosus: PReS-

endorsed overarching principles and points-to-consider from an international task force. Ann
Rheum Dis. 2023 Jun;82(6):788-98.

Smith EMD, Aggarwal A, Ainsworth J, Al-Abadi E, Avcin T, Bortey L, et al. Defining remission
in childhood-onset lupus: PReS-endorsed consensus definitions by an international task force.
Clin Immunol. 2024 Jun;263:110214.

Smith EMD, Aggarwal A, Ainsworth J, Al-Abadi E, Avcin T, Bortey L, et al. PReS-endorsed
international childhood lupus T2T task force definition of childhood lupus low disease activity
state (cCLLDAS). Clin Immunol. 2023 May;250:109296.

Smith EMD. Real world treatment of juvenile-onset systemic lupus erythematosus: Data from
the UK JSLE cohort study. Clinical Immunology. 2022;

Thorbinson C, Oni L, Smith E, Midgley A, Beresford MW. Pharmacological Management of
Childhood-Onset Systemic Lupus Erythematosus. Pediatr Drugs. 2016 Jun;18(3):181-95.

Furie R, Rovin BH, Houssiau F, Malvar A, Teng YKO, Contreras G, et al. Two-Year, Randomized,
Controlled Trial of Belimumab in Lupus Nephritis. New England Journal of Medicine. 2020 Sep
16;383(12):1117-28.

Furie RA, Morand EF, Bruce IN, Manzi S, Kalunian KC, Vital EM, et al. Type I interferon
inhibitor anifrolumab in active systemic lupus erythematosus (TULIP-1): a randomised,
controlled, phase 3 trial. The Lancet Rheumatology. 2019 Dec 1;1(4):e208-19.

Mackensen A, Miiller F, Mougiakakos D, Boltz S, Wilhelm A, Aigner M, et al. Anti-CD19 CAR
T cell therapy for refractory systemic lupus erythematosus. Nat Med. 2022 Oct;28(10):2124-32.

Deng J, Chalhoub NE, Sherwin CM, Li C, Brunner HI. Glucocorticoids pharmacology and their
application in the treatment of childhood-onset systemic lupus erythematosus. Semin Arthritis
Rheum. 2019 Oct;49(2):251-9.

Mosca M, Tani C, Carli L, Bombardieri S. Glucocorticoids in systemic lupus erythematosus. Clin
Exp Rheumatol. 2011;29(5 Suppl 68):S126-129.



88.

&9.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

Ravelli A, Lattanzi B, Consolaro A, Martini A. Glucocorticoids in paediatric rheumatology. Clin
Exp Rheumatol. 2011;29(5 Suppl 68):S148-152.

Jorge AM, Mancini C, Zhou B, Ho G, Zhang Y, Costenbader K, et al. Hydroxychloroquine Dose
per Ophthalmology Guidelines and the Risk of Systemic Lupus Erythematosus Flares. JAMA.
2022 Oct 11;328(14):1458-60.

Fanouriakis A, Kostopoulou M, Andersen J, Aringer M, Arnaud L, Bae SC, et al. EULAR
recommendations for the management of systemic lupus erythematosus: 2023 update. Ann
Rheum Dis. 2024 Jan 2;83(1):15-29.

Groot N, Graeff N de, Avcin T, Bader-Meunier B, Brogan P, Dolezalova P, et al. European
evidence-based recommendations for diagnosis and treatment of childhood-onset systemic lupus
erythematosus: the SHARE initiative. Annals of the Rheumatic Diseases. 2017 Nov
1;76(11):1788-96.

Smith EMD, Egbivwie N, Jorgensen AL, Ciurtin C, Al-Abadi E, Armon K, et al. Real world
treatment of juvenile-onset systemic lupus erythematosus: Data from the UK JSLE cohort study.
Clin Immunol. 2022 Jun;239:109028.

Tunnicliffe DJ, Palmer SC, Henderson L, Masson P, Craig JC, Tong A, et al. Immunosuppressive
treatment for proliferative lupus nephritis. Cochrane Kidney and Transplant Group, editor.
Cochrane Database of Systematic Reviews [Internet]. 2018 Jun 29 [cited 2023 Jan 6];2018(6).
Available from: https://doi.wiley.com/10.1002/14651858.CD002922.pub4

Abu-Shakra M, Shoenfeld Y. Azathioprine therapy for patients with systemic lupus
erythematosus. Lupus. 2001;10(3):152-3.

Dean L. Azathioprine Therapy and TPMT and NUDTI15 Genotype. In: Pratt VM, Scott SA,
Pirmohamed M, Esquivel B, Kattman BL, Malheiro AJ, editors. Medical Genetics Summaries
[Internet]. Bethesda (MD): National Center for Biotechnology Information (US); 2012 [cited
2026 Jan 30]. Available from: http://www.ncbi.nlm.nih.gov/books/NBK 100661/

Furie R, Rovin BH, Houssiau F, Contreras G, Teng YKO, Curtis P, et al. Safety and Efficacy of
Belimumab in Patients with Lupus Nephritis: Open-Label Extension of BLISS-LN Study. Clin J
Am Soc Nephrol. 2022 Nov;17(11):1620-30.

Brunner HI, Abud-Mendoza C, Mori M, Pilkington CA, Syed R, Takei S, et al. Efficacy and
safety of belimumab in paediatric and adult patients with systemic lupus erythematosus: an
across-study comparison. RMD Open. 2021 Sep;7(3):¢001747.

Zhang Z, Ye Z, He S, Tang L, Xie C, Yin S, et al. Belimumab safety in adult and paediatric
Chinese patients with systemic lupus erythematosus: A Phase 4, multicentre, observational study.
Lupus. 2024 Dec;33(14):1562-72.

Merrill JT, Neuwelt CM, Wallace DJ, Shanahan JC, Latinis KM, Oates JC, et al. Efficacy and
safety of rituximab in moderately-to-severely active systemic lupus erythematosus: the
randomized, double-blind, phase II/IIl systemic lupus erythematosus evaluation of rituximab
trial. Arthritis Rheum. 2010 Jan;62(1):222-33.

Rovin BH, Teng YKO, Ginzler EM, Arriens C, Caster DJ, Romero-Diaz J, et al. Efficacy and
safety of voclosporin versus placebo for lupus nephritis (AURORA 1): a double-blind,



randomised, multicentre, placebo-controlled, phase 3 trial. Lancet. 2021 May
29;397(10289):2070-80.

101. Fanouriakis A, Kostopoulou M, Anders HJ, Andersen J, Aringer M, Beresford MW, et al.
EULAR recommendations for the management of systemic lupus erythematosus with kidney
involvement: 2025 update. Annals of the Rheumatic Diseases [Internet]. 2025 Oct 16 [cited 2025
Oct 22];0(0). Available from: https://ard.eular.org/article/S0003-4967(25)04412-7/fulltext

102. Cognard J, Pietrement C, Laurent A, Fouillet-Desjonquéres M, Moran-Alvarez P, Reumaux
H, et al. Indications, efficacy, safety of rituximab in childhood-onset systemic lupus
erythematosus: a retrospective study of the JIR cohort. Rheumatology (Oxford). 2025 Apr
25;keaf231.

103. Chan EYH, Wong SW, Lai FFY, Ho TW, Tong PC, Lai WM, et al. Long-term outcomes with
rituximab as add-on therapy in severe childhood-onset lupus nephritis. Pediatr Nephrol. 2023
Dec;38(12):4001-11.

104. Kalashnikova E, Isupova E, Gaidar E, Lubimova N, Sorokina L, Chikova I, et al. Outcomes
of a 12-month course of early and late rituximab BCD020 biosimilar administration in juvenile
systemic lupus erythematosus: A retrospective study. World J Nephrol. 2024 Dec 25;13(4):98393.

105. Furie RA, Rovin BH, Garg JP, Santiago MB, Aroca-Martinez G, Zuta Santillan AE, et al.
Efficacy and Safety of Obinutuzumab in Active Lupus Nephritis. N Engl J Med. 2025 Apr
17;392(15):1471-83.

106. Dossier C, Bonneric S, Baudouin V, Kwon T, Prim B, Cambier A, et al. Obinutuzumab in
Frequently Relapsing and Steroid-Dependent Nephrotic Syndrome in Children. Clin J Am Soc
Nephrol. 2023 Dec 1;18(12):1555-62.

107. Furie R, Khamashta M, Merrill JT, Werth VP, Kalunian K, Brohawn P, et al. Anifrolumab, an
Anti-Interferon-a Receptor Monoclonal Antibody, in Moderate-to-Severe Systemic Lupus
Erythematosus. Arthritis Rheumatol. 2017 Feb;69(2):376-86.

108. Morand EF, Furie R, Tanaka Y, Bruce IN, Askanase AD, Richez C, et al. Trial of Anifrolumab
in Active Systemic Lupus Erythematosus. New England Journal of Medicine. 2020 Jan
16;382(3):211-21.

109. Shmizu M, Kaneko S, Shimbo A, Hatano M, Miyaoka F, Irabu H, et al. Anifrolumab for
refractory cutaneous lupus lesions in pediatric systemic lupus erythematosus. Lupus. 2025
Apr;34(5):533-6.

110. Morand EF, Vital EM, Petri M, Vollenhoven R van, Wallace DJ, Mosca M, et al. Baricitinib
for systemic lupus erythematosus: a double-blind, randomised, placebo-controlled, phase 3 trial
(SLE-BRAVE-I). The Lancet. 2023 Mar 25;401(10381):1001-10.

111.  Petri M, Bruce IN, Dorner T, Tanaka Y, Morand EF, Kalunian KC, et al. Baricitinib for
systemic lupus erythematosus: a double-blind, randomised, placebo-controlled, phase 3 trial
(SLE-BRAVE-II). The Lancet. 2023 Mar 25;401(10381):1011-9.

112.  Hou L, Zhou P, Zhao C, Wang X, Du Y. Tofacitinib for child-onset systemic lupus
erythematosus. Front Immunol. 2024;15:1457821.



113.  Pin A, Tesser A, Pastore S, Moressa V, Valencic E, Arbo A, et al. Biological and Clinical
Changes in a Pediatric Series Treated with Off-Label JAK Inhibitors. Int J Mol Sci. 2020 Oct
20;,21(20):7767.

114. Mok CC, To CH, Yu KL, Ho LY. Combined low-dose mycophenolate mofetil and tacrolimus
for lupus nephritis with suboptimal response to standard therapy: a 12-month prospective study.
Lupus. 2013 Oct;22(11):1135-41.

115.  Zheng Z, Zhang H, Peng X, Zhang C, Xing C, Xu G, et al. Effect of Tacrolimus vs Intravenous
Cyclophosphamide on Complete or Partial Response in Patients With Lupus Nephritis: A
Randomized Clinical Trial. JAMA Network Open. 2022 Mar 30;5(3):e224492.

116. Saxena A, Ginzler EM, Gibson K, Satirapoj B, Santillan AEZ, Levchenko O, et al. Safety and
Efficacy of Long-Term Voclosporin Treatment for Lupus Nephritis in the Phase 3 AURORA 2
Clinical Trial. Arthritis Rheumatol. 2024 Jan;76(1):59—67.

117.  Mougiakakos D, Kronke G, Volkl S, Kretschmann S, Aigner M, Kharboutli S, et al. CD19-
Targeted CAR T Cells in Refractory Systemic Lupus Erythematosus. New England Journal of
Medicine. 2021 Aug 4;385(6):567-9.

118. Miiller F, Taubmann J, Bucci L, Wilhelm A, Bergmann C, V6lkl S, et al. CD19 CAR T-Cell
Therapy in Autoimmune Disease — A Case Series with Follow-up. New England Journal of
Medicine. 2024 Feb 21;390(8):687-700.

119. Wobma H, Ardoin SP, Bonifant CL, Cooper JC, Kim H, Sadun RE, et al. CAR T cell therapy
for children with rheumatic disease: the time is now. Nat Rev Rheumatol. 2025 Aug;21(8):494—
506.

120. Krickau T, Naumann-Bartsch N, Aigner M, Kharboutli S, Kretschmann S, Spoerl S, et al.
CAR T-cell therapy rescues adolescent with rapidly progressive lupus nephritis from
haemodialysis. The Lancet. 2024 Apr 27;403(10437):1627-30.

121. Marasco E, Bracaglia C, Merli P, Alvarez PM, Nicolai R, Algeri M, et al. P101 Anti-CD19
CAR-T cell therapy for refractory childhood-onset systemic lupus erythematosus. Lupus Sci Med
[Internet]. 2024 Mar 14 [cited 2025 Jun 12];11(Suppl 1). Available from:
https://lupus.bmj.com/content/11/Suppl 1/A113.1

122.  Chan EYH, Yap DYH, Wong WHS, Wong SW, Lin KYK, Hui FYW, et al. Renal relapse in
children and adolescents with childhood-onset lupus nephritis: a 20-year study. Rheumatology
(Oxford). 2024 Apr 2;63(4):953-61.

123.  Demir S, Giilhan B, Ozen S, Celegen K, Batu ED, Tas N, et al. Long-term renal survival of
paediatric patients with lupus nephritis. Nephrol Dial Transplant. 2022 May 25;37(6):1069—77.

124.  Smith E, Al-Abadi E, Armon K, Bailey K, Ciurtin C, Davidson J, et al. Outcomes following
mycophenolate mofetil versus cyclophosphamide induction treatment for proliferative juvenile-
onset lupus nephritis. Lupus. 2019 Apr;28(5):613-20.

125.  Kidney Disease: Improving Global Outcomes (KDIGO) Lupus Nephritis Work Group.
KDIGO 2024 Clinical Practice Guideline for the management of LUPUS NEPHRITIS. Kidney
Int. 2024 Jan;105(1S):S1-69.



126. Sammaritano LR, Askanase A, Bermas BL, Dall’Era M, Duarte-Garcia A, Hiraki LT, et al.
2024 American College of Rheumatology (ACR) Guideline for the Screening, Treatment, and
Management of Lupus Nephritis. Arthritis Rheumatol. 2025 Sep;77(9):1115-35.

127.  Li H, Chen C, Yang H, Tu J. Efficacy and safety of belimumab combined with the standard
regimen in treating children with lupus nephritis. Eur J Pediatr. 2024 Sep;183(9):3987-95.

128. Gong Y, Liu S, Liu H, Shi Y, Li Y, Guan W, et al. Efficacy of initial combination with
belimumab in newly diagnosed childhood-onset lupus nephritis: a single-centre historical control
study. Lupus Sci Med. 2024 Dec 15;11(2):e001350.

129. Smith EMD, Aggarwal A, Ainsworth J, Al-Abadi E, Avcin T, Bortey L, et al. Towards
development of treat to target (T2T) in childhood-onset systemic lupus erythematosus: PReS-
endorsed overarching principles and points-to-consider from an international task force. Annals
of the Rheumatic Diseases. 2023 Jun 1;82(6):788-98.

130. Rosina S, Tibaldi J, Mazzoni M, Bava C, Natoli V, Ravelli A. Update on Outcome Measures
for Pediatric Systemic Lupus Erythematosus. Arthritis Care Res. 2020 Oct;72(S510):163-70.

131. Gladman DD, Ibaiez D, Urowitz MB. Systemic Lupus Erythematosus Disease Activity Index
2000. The Journal of Rheumatology. 2000;

132.  Marks SD. The use of the British Isles Lupus Assessment Group (BILAG) index as a valid
tool in assessing disease activity in childhood-onset systemic lupus erythematosus.
Rheumatology. 2004 Jun 8;43(9):1186-9.

133.  Piga M, Chessa E, Morand EF, Ugarte-Gil MF, Tektonidou M, Vollenhoven R van, et al.
Physician Global Assessment International Standardisation COnsensus in Systemic Lupus
Erythematosus: the PISCOS study. The Lancet Rheumatology. 2022 Jun 1;4(6):e441-9.

134. Gladman D, Ginzler E, Goldsmith C, Fortin P, Liang M, Urowitz M, et al. Systemic lupus
international collaborative clinics: development of a damage index in systemic lupus
erythematosus. J Rheumatol. 1992 Nov;19(11):1820-1.

135.  Stoll T, Seifert B, Isenberg DA. SLICC/ACR Damage Index is valid, and renal and pulmonary
organ scores are predictors of severe outcome in patients with systemic lupus erythematosus. Br
J Rheumatol. 1996 Mar;35(3):248-54.

136. Tsokos GC. The immunology of systemic lupus erythematosus. Nat Immunol. 2024
Aug;25(8):1332-43.

137.  Ghodke-Puranik Y, Olferiev M, Crow MK. Systemic lupus erythematosus genetics: insights
into pathogenesis and implications for therapy. Nat Rev Rheumatol. 2024 Oct;20(10):635-48.

138. Belot A, Tusseau M, Cognard J, Georgin-Lavialle S, Boursier G, Hedrich CM. How (Ultra-
)Rare Gene Variants Improve Our Understanding of More Common Autoimmune and
Inflammatory Diseases. ACR Open Rheumatol. 2025 Feb;7(2):¢70003.

139. Charras A, Haldenby S, Smith EMD, Egbivwie N, Olohan L, Kenny JG, et al. Panel
sequencing links rare, likely damaging gene variants with distinct clinical phenotypes and
outcomes in juvenile-onset SLE. Rheumatology (Oxford). 2023 Feb 23;62(S12):SI1210-25.



140. Kim H, Sanchez GAM, Goldbach-Mansky R. Insights from Mendelian Interferonopathies:
Comparison of CANDLE, SAVI with AGS, Monogenic Lupus. J] Mol Med (Berl). 2016
Oct;94(10):1111-27.

141. Harroud A, Hafler DA. Common genetic factors among autoimmune diseases. Science. 2023
May 5;380(6644):485-90.

142. Misztal MC, Liao F, Couse M, Cao J, Dominguez D, Lau L, et al. Genome-Wide Sequencing
Identified Rare Genetic Variants for Childhood-Onset Monogenic Lupus. J Rheumatol. 2023
May;50(5):671-5.

143. Belot A, Rice GI, Omarjee SO, Rouchon Q, Smith EMD, Moreews M, et al. Contribution of
rare and predicted pathogenic gene variants to childhood-onset lupus: a large, genetic panel
analysis of British and French cohorts. The Lancet Rheumatology. 2020 Feb 1;2(2):€99-109.

144.  Alperin JM, Ortiz-Fernandez L, Sawalha AH. Monogenic Lupus: A Developing Paradigm of
Disease. Front Immunol. 2018 Oct 30;9:2496.

145.  Kim H, Sanchez GAM, Goldbach-Mansky R. Insights from Mendelian Interferonopathies:
Comparison of CANDLE, SAVI with AGS, Monogenic Lupus. J Mol Med. 2016
Oct;94(10):1111-27.

146. Charras A, Hiraki LT, Lewandowski L, Hedrich CM. Genetic and epigenetic factors shape
phenotypes and outcomes in systemic lupus erythematosus - focus on juvenile-onset systemic
lupus erythematosus. Curr Opin Rheumatol. 2025 Mar 1;37(2):149-63.

147.  Yin X, Kim K, Suetsugu H, Bang SY, Wen L, Koido M, et al. Meta-analysis of 208370 East
Asians identifies 113 susceptibility loci for systemic lupus erythematosus. Ann Rheum Dis. 2021
May;80(5):632—-40.

148. Song Q, Lei Y, Shao L, Li W, Kong Q, Lin Z, et al. Genome-wide association study on
Northern Chinese identifies KLF2, DOTIL and STAB2 associated with systemic lupus
erythematosus. Rheumatology (Oxford). 2021 Sep 1;60(9):4407-17.

149. Zhang YM, Zhou XJ, Wang YN, Liu XZ, Wang YF, Lau YL, et al. Shared genetic study gives
insights into the shared and distinct pathogenic immunity components of IgA nephropathy and
SLE. Mol Genet Genomics. 2021 Jul;296(4):1017-26.

150. Wang YF, Wei W, Tangtanatakul P, Zheng L, Lei Y, Lin Z, et al. Identification of Shared and
Asian-Specific Loci for Systemic Lupus Erythematosus and Evidence for Roles of Type III
Interferon Signaling and Lysosomal Function in the Disease: A Multi-Ancestral Genome-Wide
Association Study. Arthritis Rheumatol. 2022 May;74(5):840-8.

151. Laurynenka V, Harley JB. The 330 risk loci known for systemic lupus erythematosus (SLE):
a review. Front Lupus [Internet]. 2024 May 24 [cited 2025 Mar 7];2. Available from:
https://www.frontiersin.org/journals/lupus/articles/10.3389/flupu.2024.1398035/full

152.  Webber D, Cao J, Dominguez D, Gladman DD, Levy DM, Ng L, et al. Association of systemic
lupus erythematosus (SLE) genetic susceptibility loci with lupus nephritis in childhood-onset and
adult-onset SLE. Rheumatology (Oxford). 2020 Jan 1;59(1):90-8.



153. Charras A, Haldenby S, Smith EMD, Egbivwie N, Olohan L, Kenny JG, et al. Panel
sequencing links rare, likely damaging gene variants with distinct clinical phenotypes and
outcomes in juvenile-onset SLE.

154. Lewandowski L, Hiraki L, Scott C, Barrera-Vargas A, Romo Tena J, Gomez-Martin D, et al.
Next generation sequencing analysis reveals complex genetic architecture of childhood-onset
systemic lupus erythematosus. Lupus Sci Med. 2025 Jun 10;12(1):e001475.

155. Yan C, Wang R, Li J, Deng Y, Wu D, Zhang H, et al. HLA-A gene polymorphism defined by
high-resolution sequence-based typing in 161 Northern Chinese Han people. Genomics
Proteomics Bioinformatics. 2003 Nov;1(4):304-9.

156. Grumet FC, Coukell A, Bodmer JG, Bodmer WF, McDevitt HO. Histocompatibility (HL-A)
antigens associated with systemic lupus erythematosus. A possible genetic predisposition to
disease. N Engl J Med. 1971 Jul 22;285(4):193-6.

157. Waters H, Konrad P, Walford RL. The distribution of HL-A histocompatibility factors and
genes in patients with systemic lupus erythematosus. Tissue Antigens. 1971;1(2):68-73.

158. Renaudineau Y, Charras A, Natoli V, Congy-Jolivet N, Haldenby S, Liu X, et al. Across
ancestries, HLA-B*08:01~DRB1x03:01 (DR3) and HLA-DQA=#*01:02 (DR2) increase the risk
to develop juvenile-onset systemic lupus erythematosus through low complement C4 levels. J
Transl Autoimmun. 2025 Jun;10:100268.

159. Khunsriraksakul C, Li Q, Markus H, Patrick MT, Sauteraud R, McGuire D, et al. Multi-
ancestry and multi-trait genome-wide association meta-analyses inform clinical risk prediction
for systemic lupus erythematosus. Nat Commun. 2023 Feb 7;14(1):668.

160. Schwarzerova J, Hurta M, Barton V, Lexa M, Walther D, Provaznik V, et al. A perspective on
genetic and polygenic risk scores-advances and limitations and overview of associated tools.
Brief Bioinform. 2024 Mar 27;25(3):bbae240.

161.  Webber D, Cao J, Dominguez D, Gladman DD, Levy DM, Ng L, et al. Association of systemic
lupus erythematosus (SLE) genetic susceptibility loci with lupus nephritis in childhood-onset and
adult-onset SLE. Rheumatology. 2020 Jan 1;59(1):90-8.

162. Tang TS, Liao F, Webber D, Gold N, Cao J, Dominguez D, et al. Genetics of longitudinal
kidney function in children and adults with systemic lupus erythematosus. Rheumatology
(Oxford). 2023 Nov 2;62(11):3749-56.

163. Sayadi A, Sandling JK, Eloranta ML, ImmunoArray Development Consortium, DISSECT
Consortium, Jonsen A, et al. Rare and common single nucleotide variants in childhood-onset
systemic lupus erythematosus. Lupus Sci Med. 2025 Feb 11;12(1):e001436.

164. Martin AR, Kanai M, Kamatani Y, Okada Y, Neale BM, Daly MJ. Clinical use of current
polygenic risk scores may exacerbate health disparities. Nat Genet. 2019 Apr;51(4):584-91.

165. Schwarzerova J, Hurta M, Barton V, Lexa M, Walther D, Provaznik V, et al. A perspective on
genetic and polygenic risk scores-advances and limitations and overview of associated tools.
Brief Bioinform. 2024 Mar 27;25(3):bbae240.

166. Chatterjee N, Shi J, Garcia-Closas M. Developing and evaluating polygenic risk prediction
models for stratified disease prevention. Nat Rev Genet. 2016 Jul;17(7):392—406.



167. Polderman TJC, Benyamin B, de Leeuw CA, Sullivan PF, van Bochoven A, Visscher PM, et
al. Meta-analysis of the heritability of human traits based on fifty years of twin studies. Nat Genet.
2015 Jul;47(7):702-9.

168. Manolio TA, Collins FS, Cox NJ, Goldstein DB, Hindorff LA, Hunter DJ, et al. Finding the
missing heritability of complex diseases. Nature. 2009 Oct;461(7265):747-53.

169. Little J, Higgins JPT, loannidis JPA, Moher D, Gagnon F, von Elm E, et al. STrengthening the
REporting of Genetic Association Studies (STREGA)--an extension of the STROBE statement.
Genet Epidemiol. 2009 Nov;33(7):581-98.

170. UK JSLE Cohort Study. https://www.liverpool.ac.uk/translational-
medicine/research/ukjsle/jsle/.

171. Hartman EAR, van Royen-Kerkhof A, Jacobs JWG, Welsing PMJ, Fritsch-Stork RDE.
Performance of the 2012 Systemic Lupus International Collaborating Clinics classification
criteria versus the 1997 American College of Rheumatology classification criteria in adult and

juvenile systemic lupus erythematosus. A systematic review and meta-analysis. Autoimmun Rev.
2018 Mar;17(3):316-22.

172. Isenberg DA, Rahman A, Allen E, Farewell V, Akil M, Bruce IN, et al. BILAG 2004.
Development and initial validation of an updated version of the British Isles Lupus Assessment
Group’s disease activity index for patients with systemic lupus erythematosus. Rheumatology
(Oxford). 2005 Jul;44(7):902—-6.

173.  Marks SD, Pilkington C, Woo P, Dillon MJ. The use of the British Isles Lupus Assessment
Group (BILAG) index as a valid tool in assessing disease activity in childhood-onset systemic
lupus erythematosus. Rheumatology (Oxford). 2004 Sep;43(9):1186-9.

174. Petri M, Orbai AM, Alarcon GS, Gordon C, Merrill JT, Fortin PR, et al. Derivation and
Validation of Systemic Lupus International Collaborating Clinics Classification Criteria for
Systemic Lupus Erythematosus. Arthritis Rheum. 2012 Aug;64(8):2677-86.

175. Martin M. Cutadapt removes adapter sequences from high-throughput sequencing reads.
EMBnet.journal. 2011 May 2;17(1):10-2.

176. Fass JN. JN. Joshi NA, Fass JN. (2011). Sickle: A sliding-window, adaptive, quality-based
trimming tool for FastQ files (Version 1.33) [Software]. Available at
https://github.com/najoshi/sickle. 2011;

177.  Picard Toolkit 2019. Broad Institute, GitHub Repository.
https://broadinstitute.github.io/picard/.

178. Li H, Durbin R. Fast and accurate short read alignment with Burrows-Wheeler transform.
Bioinformatics. 2009 Jul 15;25(14):1754—60.

179.  Van der Auwera GA, Carneiro MO, Hartl C, Poplin R, Del Angel G, Levy-Moonshine A, et
al. From FastQ data to high confidence variant calls: the Genome Analysis Toolkit best practices
pipeline. Curr Protoc Bioinformatics. 2013;43:11.10.1-11.10.33.

180. Cingolani P, Platts A, Wang LL, Coon M, Nguyen T, Wang L, et al. A program for annotating
and predicting the effects of single nucleotide polymorphisms, SnpEff: SNPs in the genome of
Drosophila melanogaster strain w1118; iso-2; iso-3. Fly (Austin). 2012 Jun;6(2):80-92.



181.  Sherry ST, Ward MH, Kholodov M, Baker J, Phan L, Smigielski EM, et al. dbSNP: the NCBI
database of genetic variation. Nucleic Acids Res. 2001 Jan 1;29(1):308-11.

182. Obenchain V, Lawrence M, Carey V, Gogarten S, Shannon P, Morgan M. VariantAnnotation :
a Bioconductor package for exploration and annotation of genetic variants. Bioinformatics. 2014
Jul 15;30(14):2076-8.

183. Knaus BJ, Griinwald NJ. VcfR: a package to manipulate and visualize VCF format data in R
[Internet]. bioRxiv; 2016 [cited 2023 Oct 20]. p. 041277. Available from:
https://www.biorxiv.org/content/10.1101/041277v1

184. Chen L, Wang YF, Liu L, Bieclowka A, Ahmed R, Zhang H, et al. Genome-wide assessment
of genetic risk for systemic lupus erythematosus and disease severity. Human Molecular
Genetics. 2020 Jun 27;29(10):1745-56.

185. Reid S, Alexsson A, Frodlund M, Morris D, Sandling JK, Bolin K, et al. High genetic risk
score is associated with early disease onset, damage accrual and decreased survival in systemic
lupus erythematosus. Systemic lupus erythematosus.

186. Lewis MJ, Jawad AS. The effect of ethnicity and genetic ancestry on the epidemiology,
clinical features and outcome of systemic lupus erythematosus. Rheumatology (Oxford). 2017
Apr 1;56(suppl_1):167-77.

187.  Slight-Webb S, Thomas K, Smith M, Wagner CA, Macwana S, Bylinska A, et al. Ancestry-
based differences in the immune phenotype are associated with lupus activity. JCI Insight. 2023
Aug 22;8(16):¢169584.

188. Song K, Liu L, Zhang X, Chen X. An update on genetic susceptibility in lupus nephritis.
Clinical Immunology. 2020 Jan 1;210:108272.

189. Owen KA, Bell KA, Price A, Bachali P, Ainsworth H, Marion MC, et al. Molecular pathways
identified from single nucleotide polymorphisms demonstrate mechanistic differences in
systemic lupus erythematosus patients of Asian and European ancestry. Sci Rep. 2023 Apr
1;13(1):5339.

190. Goulielmos GN, Zervou MI, Vazgiourakis VM, Ghodke-Puranik Y, Garyfallos A, Niewold
TB. The genetics and molecular pathogenesis of systemic lupus erythematosus (SLE) in
populations of different ancestry. Gene. 2018 Aug 20;668:59—72.

191. Wang C, Ahlford A, Jarvinen TM, Nordmark G, Eloranta ML, Gunnarsson I, et al. Genes
identified in Asian SLE GWASs are also associated with SLE in Caucasian populations. Eur J
Hum Genet. 2013 Sep;21(9):994-9.

192. Bello GA, Brown MA, Kelly JA, Thanou A, James JA, Montgomery CG. Development and
validation of a simple lupus severity index using ACR criteria for classification of SLE. Lupus
Sci Med. 2016 Mar 10;3(1):e000136.

193. Eyre S, Orozco G, Worthington J. The genetics revolution in rheumatology: large scale
genomic arrays and genetic mapping. Nat Rev Rheumatol. 2017 Jul;13(7):421-32.

194. Briggs TA, Rice GI, Adib N, Ades L, Barete S, Baskar K, et al. Spondyloenchondrodysplasia
Due to Mutations in ACP5: A Comprehensive Survey. J Clin Immunol. 2016 Apr;36(3):220-34.



195. Ramantani G, Kohlhase J, Hertzberg C, Innes AM, Engel K, Hunger S, et al. Expanding the
phenotypic spectrum of lupus erythematosus in Aicardi-Goutieres syndrome. Arthritis Rheum.
2010 May;62(5):1469-77.

196. Li W, Wang W, Wang W, Zhong L, Gou L, Wang C, et al. Janus Kinase Inhibitors in the
Treatment of Type I Interferonopathies: A Case Series From a Single Center in China. Front
Immunol. 2022 Mar 28;13:825367.

197. Morand E, Pike M, Merrill JT, van Vollenhoven R, Werth VP, Hobar C, et al. Deucravacitinib,
a Tyrosine Kinase 2 Inhibitor, in Systemic Lupus Erythematosus: A Phase II, Randomized,
Double-Blind, Placebo-Controlled Trial. Arthritis Rheumatol. 2023 Feb;75(2):242-52.

198. Hibbs ML, Harder KW, Armes J, Kountouri N, Quilici C, Casagranda F, et al. Sustained
Activation of Lyn Tyrosine Kinase In Vivo Leads to Autoimmunity. J Exp Med. 2002 Dec
16;196(12):1593-604.

199. Kiryluk K, Sanchez-Rodriguez E, Zhou XJ, Zanoni F, Liu L, Mladkova N, et al. Genome-
wide association analyses define pathogenic signaling pathways and prioritize drug targets for
IgA nephropathy. Nat Genet. 2023 Jul;55(7):1091-105.

200. Chen Z, Chen C, Chen F, Lan R, Lin G, Xu Y. Bioinformatics analysis of potential
pathogenesis and risk genes of immunoinflammation-promoted renal injury in severe COVID-
19. Front Immunol. 2022;13:950076.

201. Santos FPS, Kantarjian H, Cortes J, Quintas-Cardama A. Bafetinib, a dual Bcr-Abl/Lyn
tyrosine kinase inhibitor for the potential treatment of leukemia. Curr Opin Investig Drugs. 2010
Dec;11(12):1450-65.

202. Aeschlimann FA, Batu ED, Canna SW, Go E, Giil A, Hoffmann P, et al. A20
haploinsufficiency (HA20): clinical phenotypes and disease course of patients with a newly
recognised NF-kB-mediated autoinflammatory disease. Ann Rheum Dis. 2018 May;77(5):728—
35.

203. Zhang C, Han X, Sun L, Yang S, Peng J, Chen Y, et al. Novel loss-of-function mutations in
TNFAIP3 gene in patients with lupus nephritis. Clin Kidney J. 2022 Nov;15(11):2027-38.

204. Bates JS, Lessard CJ, Leon JM, Nguyen T, Battiest LJ, Rodgers J, et al. Meta-analysis and
imputation identifies a 109 kb risk haplotype spanning TNFAIP3 associated with lupus nephritis
and hematologic manifestations. Genes Immun. 2009 Jul;10(5):470-7.

205. Huntley C, Torr B, Sud A, Rowlands CF, Way R, Snape K, et al. Utility of polygenic risk
scores in UK cancer screening: a modelling analysis. Lancet Oncol. 2023 Jun;24(6):658—68.

206. Guga S, Wang Y, Graham DC, Vyse TJ. A review of genetic risk in systemic lupus
erythematosus. Expert Rev Clin Immunol. 2023;19(10):1247-58.

207. Goulielmos GN, Zervou MI, Vazgiourakis VM, Ghodke-Puranik Y, Garyfallos A, Niewold
TB. The genetics and molecular pathogenesis of systemic lupus erythematosus (SLE) in
populations of different ancestry. Gene. 2018 Aug 20;668:59—72.

208. Krishnan E, Hubert HB. Ethnicity and mortality from systemic lupus erythematosus in the
US. Ann Rheum Dis. 2006 Nov;65(11):1500-5.



209. XulL,ZhaoJ, Sun Q, Xu X, Wang L, Liu T, et al. Loss-of-function variants in SAT1 cause X-
linked childhood-onset systemic lupus erythematosus. Ann Rheum Dis. 2022 Dec;81(12):1712—
21.

210. HeY, Gallman AE, Xie C, Shen Q, Ma J, Wolfreys FD, et al. P2RY§ variants in lupus patients
uncover a role for the receptor in immunological tolerance. J Exp Med. 2022 Jan
3;219(1):¢20211004.

211. Boussard C, Delage L, Gajardo T, Kauskot A, Batignes M, Goudin N, et al. DOCK11
deficiency in patients with X-linked actinopathy and autoimmunity. Blood. 2023 Jun
1;141(22):2713-26.

212. BandaY, Kvale MN, Hoffmann TJ, Hesselson SE, Ranatunga D, Tang H, et al. Characterizing
Race/Ethnicity and Genetic Ancestry for 100,000 Subjects in the Genetic Epidemiology Research
on Adult Health and Aging (GERA) Cohort. Genetics. 2015 Aug;200(4):1285-95.



8. Supplementary Figures
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Supplementary Figure 1. Alternate allele counts (AAC) do not correlate with disease activity and damage accrual. A) Scatter
plot examining the correlation between the highest SLEDAI score registered and AAC, indicating a weak positive correlation with
no statistical significance (R=0.081, p=0.19). B) Scatter plot examining the correlation between the highest pBILAG score
registered and AAC, indicating a weak positive correlation with no statistical significance (R=0.032, p=0.61). C) Scatter plot
examining the correlation between the SLICC/ACR Damage Index (SDI) and AAC, indicating a weak negative correlation with no
statistical significance (R=-0.072, p=0.26). The trend line is presented with a 95% confidence interval in grey shading.
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Supplementary Figure 2. Gene-level alternate allele scores (GAAS) associate to
organ/system severity. A) Haematological severity significantly associates to ACP5
(p=0.003), DNASE1 (p=0.003), RNASEH2A (p<0.001), UBE2L3 (p=0.03) GAAS. B)
Cardiorespiratory severity significantly associates to [RF8 (p=0.02), ITGAM
(p<0.001) and UBE2L3 (p=0.04) GAAS. C) Gastrointestinal severity significantly
associates to /ITGAM (p<0.001) and PXK (p<0.001) GAAS.
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Supplementary Figure 3. Alternate Allele Counts (AAC) correlated with the subset AAC
generated from previously published SNPs. A) Scatter plot demonstrating a strong positive
correlation between AAC and the subset AAC based on previously published SNPs only across
the study cohort (R=0.47, p<0.001). B) Scatter plot depicting the inverse correlation between
AAC and age at diagnosis in the entire study cohort (R=-0.15, p=0.012) (left panel), and scatter
plot showing the relationship between AAC generated from previously published SLE-
associated SNPs and age at diagnosis, with no significant correlation detected (right panel). For
both panels, data points represent the number of alternate alleles in individual jSLE patients,
and a trend line indicates the direction and strength of the relationship. The grey shaded area
indicates the 95% confidence interval. C) Scatter plot showing the inverse correlation between
AAC and age at diagnosis, stratified by ancestry (left panel), and scatter plot displaying the
correlation between AAC generated from previously reported SLE-associated SNPs only and
age at diagnosis, with the same stratification by ancestry. No significant inverse correlation was
observed. Each data point represents an individual sample, colour-coded by ancestry:
African/Caribbean (red), European (gold), East Asian (green), South Asian (blue), and “Other”
Asian (purple). Trend lines indicate the direction and strength of the relationships. The grey
shaded areas represent the 95% confidence intervals.



9. Supplementary Tables

Supplementary Table 1. Clinical features of the study cohort (pBILAG score domains and ACR

criteria)
JSLE patients included | JSLE patients included
in the alternate allele in the gene-level
counts (AAC) analysis alternate score (GAAS)
(n=238) analysis (n=289)

pBILAG domain involvement

Constitutional involvement, n (%) 151 (63.5) 183 (63.3)
Severe 39 (25.8) 45 (24.6)
Moderate 59 (39.1) 77 (42.1)
Mild 53 (35.1) 61 (33.3)
Mucocutaneous involvement, n (%) 213 (89.5) 259 (89.6)
Severe 54 (25.3) 62 (23.9)
Moderate 108 (50.7) 138 (53.3)
Mild 51(24.0) 59 (22.8)
Neuropsychiatric involvement, n (%) 54 (22.7) 71 (24.6)
Severe 18 (33.3) 23 (32.4)
Moderate 34 (63.0) 46 (64.8)
Mild 2(3.7) 2(2.8)
Musculoskeletal involvement, n (%) 207 (87.0) 251 (86.9)
Severe 12 (5.8) 17 (6.8)
Moderate 104 (50.2) 128 (51.0)
Mild 91 (44.0) 106 (42.2)
Cardiorespiratory involvement, n (%) 57 (23.9) 67 (23.2)
Severe 18 (31.6) 24 (35.8)
Moderate 35(61.4) 39 (58.2)
Mild 4(7.0) 4 (6.0)
Gastrointestinal involvement, n (%) 40 (16.8) 46 (15.9)
Severe 18 (45.0) 21 (45.7)
Moderate 16 (40.0) 18 (39.1)
Mild 6 (15.0) 7 (15.2)
Ophthalmic involvement, n (%) 17 (7.2) 21 (7.3)
Severe 5(294) 6 (28.6)
Moderate 4 (23.5) 7 (33.3)
Mild 8(47.1) 8 (38.1)
Renal involvement, n (%) 190 (79.9) 231 (79.9)
Severe 49 (25.8) 58 (25.2)
Moderate 118 (62.1) 144 (62.3)
Mild 23 (12.1) 29 (12.5)




Haematological involvement, n (%) 218 (91.6) 269 (93.1)
Severe 77 (35.3) 91 (33.8)
Moderate 48 (22.1) 59 (22.0)
Mild 93 (42.6) 119 (44.2)
ACR criteria fulfilled

Malar rash, n (%) 205 (86.1) 251 (86.8)
Discoid lupus, n (%) 76 (32.0) 91 (31.5)
Photosensitivity, n (%) 132 (55.5) 168 (58.1)
Oral/nasal ulcers, n (%) 157 (66.0) 186 (64.4)
Non-erosive arthritis, n (%) 199 (83.6) 242 (83.7)
Serositis, n (%) 84 (35.3) 101 (34.9)
Lupus nephritis, n (%) 128 (53.8) 159 (55.0)
Neurologic involvement, n (%) 40 (16.8) 50 (17.3)
Haematological involvement, n (%) 205 (86.1) 254 (87.9)
Immunological involvement, n (%) 224 (94.1) 274 (94.8)

JSLE, juvenile systemic lupus erythematosus; pBILAG, paediatric British Isles Lupus Assessment Grade
2004; ACR, American College of Rheumatology; n, number of patients




Supplementary Table 2: Sequencing panel.

Gene Name | Varlfmts Genomic location & Pt S Dlse'as.e
investigated effect association
“Genetic SLE”
ACPS5 Entire gene Nucleic acid metabolism | gpp\ep
and processing
ADAR Entire gene Nucleic ac@ metabolism AGS
and processing
Clp4 Entire gene IC clearance SLE-hke
disease
CIQB Entire gene IC clearance SLE-hke
disease
CI1Q0C Entire gene IC clearance SLE-like
disease
CIR Entire gene IC clearance SLE-hke
disease
CIS Entire gene IC clearance SLE-like
disease
2 Entire gene IC clearance SLE-hke
disease
C3 Entire gene IC clearance SLE-like
disease
Cc44 Entire gene IC clearance SLE-hke
disease
C4B Entire gene IC clearance SLE-hke
disease
DNASEI | Entire gene Nucleic acid metabolism | ) g o p
and processing
DNASEIL3 | Entire gene Nucleic acid metabolism | » g o p
and processing
FAS Entire gene Apoptosis ALPS
FASLG Entire gene Apoptosis ALPS
IFIH] Entire gene Nucleic ac@ metabolism AGS
and processing
PEPD Entire gene IC clearance SLE-hke
disease
RNASEH?2A | Entire gene Nucleic acid metabolism | , 55 chp g
and processing
. Nucleic acid metabolism
RNASEH?2B | Entire gene } AGS, ChLE
and processing
. Nucleic acid metabolism
RNASEH2C | Entire gene . AGS, ChLE
and processing
SAMHDI | Entire gene Nucleic acid metabolism | ) g oy g
and processing
TMEMI173 | Entire gene Nucleic acid metabolism | ¢y
and processing
TREX] Entire gene Nucleic acid metabolism AGS, ChLE

and processing




SLE risk alleles

AFF1 rs340630 Intron variant B and T cell signalling SLE
PRDM] - rs548234 Intron variant RA, SLE
{4T G5 . rs742108 Intron variant Autophagy SLE
INergenic  [ro6568431 .
region —— Intron variant SLE
rs2245214 Intron variant SLE
ATGS - Autophagy
rs573775 Intron variant SLE
14522865 Intron variant SLE
rs10028805 | Intron variant CLL, SLE
BANK] rs17266594 | Intron variant, T allele Immune cell signalling SSc, RA, SLE
rs10516487 | Missense variant, R61H SSc, RA, SLE
Missense variant, RA, AITD,
13733197 A3gaT SSc, SLE
1s2736332 Intergenic variant SLE
rs7812879 Intergenic variant pSS, SLE
0054546 Upstream 'regulatory Kawasaki,
7 region variant SLE
Upstream regulato AITD,
1s2736340 P3 regulatory Kawasaki,
region variant ) ) SS. SLE
BLK Immune cell signalling |2 SS’ A
: p ) s
rs13277113 | Upstream gene variant AITD, SLE
1922483 5'UTR variant, T allele SLE
1s2736345 Intron variant SLE
1s2618476 Intron variant SLE
rs1478897 Intron variant SLE
rs34933034 | Intron variant, A allele ) ) SLE
CSK - Immune cell signalling
rs2289583 Intron variant SLE
CTLA4 rs231775 ﬁllzls::nse variant, G Immune cell signalling | HT, T1D, SLE
156590330 Intergenic variant, A SLE
allele
ETS1 rs1128334 3' UTR variant Immune cell signalling | SLE
17941765 | downstream gene SLE
variant
rs6671847 Intron variant SLE
FCGR24 Missense Variant, IC clearance
rs1801274 H166R SLE
rs1801274 missense variant
FCGR2B - - IC clearance SLE
rs1801274 missense variant
rs2111485 intergenic variant T1D, SLE
IFIH] i i TLR/IFN signallin
151990760 Missense variant, g g SLE

A946T



http://www.ensembl.org/Homo_sapiens/Variation/Phenotype?ph=4660;v=rs4522865
http://www.ensembl.org/Homo_sapiens/Variation/Phenotype?ph=4660;v=rs10028805
http://www.ensembl.org/Homo_sapiens/Variation/Phenotype?ph=4660;v=rs2736332
http://www.ensembl.org/Homo_sapiens/Variation/Phenotype?ph=4660;v=rs7812879
http://www.ensembl.org/Homo_sapiens/Variation/Phenotype?ph=4660;v=rs2254546
http://www.ensembl.org/Homo_sapiens/Variation/Phenotype?ph=4660;v=rs2736340
http://www.ensembl.org/Homo_sapiens/Variation/Phenotype?ph=4660;v=rs13277113
http://www.ensembl.org/Homo_sapiens/Variation/Phenotype?ph=4660;v=rs2736345
http://www.ensembl.org/Homo_sapiens/Variation/Phenotype?ph=4660;v=rs2618476
http://www.ensembl.org/Homo_sapiens/Variation/Phenotype?ph=4660;v=rs1478897
http://www.ensembl.org/Homo_sapiens/Variation/Phenotype?ph=4660;v=rs2289583
http://www.ensembl.org/Homo_sapiens/Variation/Phenotype?ph=4660;v=rs1128334
http://www.ensembl.org/Homo_sapiens/Variation/Phenotype?ph=4660;v=rs7941765
http://www.ensembl.org/Homo_sapiens/Variation/Phenotype?ph=4660;v=rs6671847
http://www.ensembl.org/Homo_sapiens/Variation/Phenotype?ph=4660;v=rs1801274
http://www.ensembl.org/Homo_sapiens/Variation/Phenotype?ph=4660;v=rs1801274
http://www.ensembl.org/Homo_sapiens/Variation/Phenotype?ph=4660;v=rs2111485

Missense variant,

rs10930046 HAGOR SLE
rs13023380 | Intron variant, A allele SLE
rs11185602 | intron variant SLE
rs4917014 11{p;1t1r:11m gene variant, pSS, SLE
IKZF1 - Immune cell signalling
rs11185603 | upstream gene variant SLE
1510276619 | downstream gene SLE
variant
153024505 dovynstream gene CD, IBD, pSS,
7 variant SLE
153024493 intron variant SLE
upstream gene variant, -
rs1800872 500C>A SLE
IL10 upstream gene Variant, _ | Immune cell Signalling
rs1800871 R19C>T SLE
upstream gene variant,
rs1800896 1082GSA SLE
153122605 intergenic variant, G SLE
allele
IL2] rs907715 intron variant, G allele | Immune cell signalling | SSc, SLE
155986948 intergenic variant SLE
IRAK] rs1059702 missense Variant, S196F TLR/IFN Signalling IS_II_T];:RA, SSC’
51734787 non codlpg transcript SLE
- exon variant
15729302 intergenic variant, A RA, SLE
allele
rs4728142 | WPSeRT ECnC vaniant RA, SSc, SLE
IRF5 alee TLR/IFN signalling
rs2070197 3 prime UTR variant SLE
rs10954213 | 3 prime UTR variant SLE
rs12537284 | intergenic variant SLE
IRF6 rs12531711 | intron variant TLR/IFN signalling SLE
12802200 | Mon codlpg transcript SLE
— | exon variant
rs12805435 dovynstream gene SLE
variant
rs1061502 missense variant, T/C SLE
IRE7 1558688157 | 5 prime UTR variant TLR/IFN signalling SLE
upstream gene variant,
IsLISATE428 | CTTAGCTATTGCTCH- SLE
rs3757387 upstream gene variant SS, RA, SLE
rs35000415 | intron variant SLE
rs10488631 | upstream gene variant SLE



http://www.ensembl.org/Homo_sapiens/Variation/Phenotype?ph=4660;v=rs11185602
http://www.ensembl.org/Homo_sapiens/Variation/Phenotype?ph=4660;v=rs11185603
http://www.ensembl.org/Homo_sapiens/Variation/Phenotype?ph=4660;v=rs10276619
http://www.ensembl.org/Homo_sapiens/Variation/Phenotype?ph=4660;v=rs3024505
http://www.ensembl.org/Homo_sapiens/Variation/Phenotype?ph=4660;v=rs3024493
http://www.ensembl.org/Homo_sapiens/Variation/Phenotype?ph=4660;v=rs5986948
http://www.ensembl.org/Homo_sapiens/Variation/Phenotype?ph=4660;v=rs1734787
http://www.ensembl.org/Homo_sapiens/Variation/Phenotype?ph=4660;v=rs12537284
http://www.ensembl.org/Homo_sapiens/Variation/Phenotype?ph=4660;v=rs12531711
http://www.ensembl.org/Homo_sapiens/Variation/Phenotype?ph=4660;v=rs12802200
http://www.ensembl.org/Homo_sapiens/Variation/Phenotype?ph=4660;v=rs1061502
http://www.ensembl.org/Homo_sapiens/Variation/Phenotype?ph=4660;v=rs58688157
http://www.ensembl.org/Homo_sapiens/Variation/Phenotype?ph=4660;v=rs113478424
http://www.ensembl.org/Homo_sapiens/Variation/Phenotype?ph=4660;v=rs3757387
http://www.ensembl.org/Homo_sapiens/Variation/Phenotype?ph=4660;v=rs35000415
http://www.ensembl.org/Homo_sapiens/Variation/Phenotype?ph=4660;v=rs10488631

rs12539741 | intron variant SLE
1513330649 | downstream gene SLE
variant - Neutrophil and
IRFS8 rs11648084 | upstream gene variant monocyte signalling, SLE
rs11644034 | missense variant, A/G Type 1 IFN signalling SLE
rs10521318 | upstream gene variant IBD, SLE
rs34572943 | intron variant SLE
151143679 ﬁl;s;ﬁnse variant, G/A, SLE
rs35472514 | intron variant SLE
ITGAM 19937837 intron variant IC clearance SLE
rs9888739 intron variant SLE
rs11150610 | intron variant SLE
rs11574637 | missense variant, T/C AML, SLE
rs6983130 intron variant ) ) SLE
LYN - : B cell signalling
rs7829816 intron variant SLE
155986948 intergenic variant SLE
MECP2 rs17435 ;rlli[glrf emie variant, 1 Immune cell signalling SLE
151734787 non—codipg transcript SLE
exon variant
1s2431697 intergenic variant SLE
MIRI464 1s2431098 intergenic Va.riant TLR/IEN signalling SLE
157095329 | Upstream variant, @ SLE
rs409558 5 prime UTR variant SLE
MSHS rs3131379 intron variant B cell signalling SLE
153130490 non—codipg transcript SLE
exon variant
NCF1 rs201802880 | missense variant, ROOH | Autophagy SLE
rs13306575 | missense variant SLE
NCF2 rs17849502 g;sgggse variant, Autophagy SLE
1517849501 | synonymous variant SLE
156679677 upstream gene variant %‘2’ gi% CD,
PTPN22 el Mmissense variant, Immune cell signalling RA: TID. CD.
R620W JIA, HT, SLE
PRKCB rs16972959 | intron variant NFkB signalling SLE
rs4681677 intron variant, G allele SLE
PXK 156445975 intron variant Immune cell signalling SLE
19311676 | Fegulatory region SLE

variant



http://www.ensembl.org/Homo_sapiens/Variation/Phenotype?ph=4660;v=rs12539741
http://www.ensembl.org/Homo_sapiens/Variation/Phenotype?ph=4660;v=rs13332649
http://www.ensembl.org/Homo_sapiens/Variation/Phenotype?ph=4660;v=rs10521318
http://www.ensembl.org/Homo_sapiens/Variation/Phenotype?ph=4660;v=rs34572943
http://www.ensembl.org/Homo_sapiens/Variation/Phenotype?ph=4660;v=rs35472514
http://www.ensembl.org/Homo_sapiens/Variation/Phenotype?ph=4660;v=rs9937837
http://www.ensembl.org/Homo_sapiens/Variation/Phenotype?ph=4660;v=rs9888739
http://www.ensembl.org/Homo_sapiens/Variation/Phenotype?ph=4660;v=rs11150610
http://www.ensembl.org/Homo_sapiens/Variation/Phenotype?ph=4660;v=rs11574637
http://www.ensembl.org/Homo_sapiens/Variation/Phenotype?ph=4660;v=rs5986948
http://www.ensembl.org/Homo_sapiens/Variation/Phenotype?ph=4660;v=rs2431697
http://www.ensembl.org/Homo_sapiens/Variation/Phenotype?ph=4660;v=rs2431098
http://www.ensembl.org/Homo_sapiens/Variation/Phenotype?ph=4660;v=rs3131379
http://www.ensembl.org/Homo_sapiens/Variation/Phenotype?ph=4660;v=rs13306575
http://www.ensembl.org/Homo_sapiens/Variation/Phenotype?ph=4660;v=rs17849501
http://www.ensembl.org/Homo_sapiens/Variation/Phenotype?ph=4660;v=rs6679677
http://www.ensembl.org/Homo_sapiens/Variation/Phenotype?ph=4660;v=rs9311676

RASGRP3 | rs13385731 | intron variant B cell signalling SLE
rs1059312 synonymous variant SLE

SLCI5A4 rs11059919 [ intron variant ' NFKB signalling SLE
rs10847697 | synonymous variant SLE
rs1385374 intron variant SLE
rs12612769 | intron variant SLE
rs3821236 intron variant SSc, SLE
rs11889341 [ intron variant SEERA’ A,

STAT4 - : Immune cell signalling
1s6736175 intron variant SLE
rs7574865 intron variant, T allele SIS;E, RA, 85,
157582694 intron variant SLE

TLR7 13853839 zlﬂfll:le UTR variant, G| 1y p 1EN signalling SLE
155029939 ggf;’;gf;ﬁ‘;;TDA SS, SLE

TNEAIP3 12230926 missense variant NFKB signalling RA, SSc, SLE
156932056 intergenic variant SLE
rs58721818 | intergenic variant SSc, RA, SLE
rs7708392 intron variant SLE

TNIP1 1s6889239 intron variant NFkB signalling SLE
rs10036748 | intron variant SLE
12205960 | Mhergenic variant, T SLE
1s76413021 | intergenic variant SLE

TNESF4 15704840 intergenic variant Immune cell signalling SSc, SLE
rs10912578 | intergenic variant SLE
1510753074 | intergenic variant SLE
154916342 intergenic variant SLE

TV rs11085727 | intron variant "Cl“e]h}{s/i[;rﬁlilﬁgalhng, T SLE
rs2304256 missense variant T1D, SLE
rs131654 intron variant SLE
rs140490 intron variant, T allele SLE

UBE2L3 1s5754217 intron variant NFkB signalling SLE
1s7444 3 prime UTR variant SLE
rs3747093 upstream gene variant SLE

ACPS: Acid Phosphatase 5, Tartrate Resistant; ADAR: Adenosine Deaminase RNA Specific; AFF1: AF4/FMR2 Family
Member 1; AITD: Autoimmune thyroid disease; ATGS: Autophagy Related 5; BANKI1: B Cell Scaffold Protein with
Ankyrin Repeats 1; BLK: BLK Proto-Oncogene, Src Family Tyrosine Kinase; C1IQA: Complement Cl1q A Chain; C1QB:
Complement Clq B Chain; C1QC: Complement Clq C Chain; CI1R: Complement Clr; C1S: Complement Cls; C2:
Complement C2; C3: Complement C3; C4A: Complement C4A; C4B: Complement C4B; CSK: C-Terminal Src Kinase;


http://www.ensembl.org/Homo_sapiens/Variation/Phenotype?ph=4660;v=rs1059312
http://www.ensembl.org/Homo_sapiens/Variation/Phenotype?ph=4660;v=rs11059919
http://www.ensembl.org/Homo_sapiens/Variation/Phenotype?ph=4660;v=rs1385374
http://www.ensembl.org/Homo_sapiens/Variation/Phenotype?ph=4660;v=rs12612769
http://www.ensembl.org/Homo_sapiens/Variation/Phenotype?ph=4660;v=rs3821236
http://www.ensembl.org/Homo_sapiens/Variation/Phenotype?ph=4660;v=rs11889341
http://www.ensembl.org/Homo_sapiens/Variation/Phenotype?ph=4660;v=rs6736175
http://www.ensembl.org/Homo_sapiens/Variation/Phenotype?ph=4660;v=rs7582694
http://www.ensembl.org/Homo_sapiens/Variation/Phenotype?ph=4660;v=rs2230926
http://www.ensembl.org/Homo_sapiens/Variation/Phenotype?ph=4660;v=rs6932056
http://www.ensembl.org/Homo_sapiens/Variation/Phenotype?ph=4660;v=rs58721818
http://www.ensembl.org/Homo_sapiens/Variation/Phenotype?ph=4660;v=rs7708392
http://www.ensembl.org/Homo_sapiens/Variation/Phenotype?ph=4660;v=rs6889239
http://www.ensembl.org/Homo_sapiens/Variation/Phenotype?ph=4660;v=rs10036748
http://www.ensembl.org/Homo_sapiens/Variation/Phenotype?ph=4660;v=rs76413021
http://www.ensembl.org/Homo_sapiens/Variation/Phenotype?ph=4660;v=rs704840
http://www.ensembl.org/Homo_sapiens/Variation/Phenotype?ph=4660;v=rs10912578
http://www.ensembl.org/Homo_sapiens/Variation/Phenotype?ph=4660;v=rs10753074
http://www.ensembl.org/Homo_sapiens/Variation/Phenotype?ph=4660;v=rs4916342
http://www.ensembl.org/Homo_sapiens/Variation/Phenotype?ph=4660;v=rs11085727
http://www.ensembl.org/Homo_sapiens/Variation/Phenotype?ph=4660;v=rs2304256
http://www.ensembl.org/Homo_sapiens/Variation/Phenotype?ph=4660;v=rs131654
http://www.ensembl.org/Homo_sapiens/Variation/Phenotype?ph=4660;v=rs5754217
http://www.ensembl.org/Homo_sapiens/Variation/Phenotype?ph=4660;v=rs7444
http://www.ensembl.org/Homo_sapiens/Variation/Phenotype?ph=4660;v=rs3747093

CTLA4: Cytotoxic T-Lymphocyte Associated Protein 4; DNASEL: Deoxyribonuclease 1; DNASEI1L3: Deoxyribonuclease
1 Like 3; ETS1: ETS Proto-Oncogene 1, Transcription Factor; FAS: Fas Cell Surface Death Receptor; FASLG: Fas Ligand,;
HT: Hashimoto Thyroiditis; FCGR2A: Fc Fragment of IgG Receptor 2A; FCGR2B: Fc Fragment of IgG Receptor 2B; IBD:
Inflammatory bowel disease; IFIH1: Interferon Induced with Helicase C Domain 1; IKZF1: IKAROS Family Zinc Finger
1; IL10: Interleukin 10; IL21: Interleukin 21; IRAKI: Interleukin 1 Receptor Associated Kinase 1 ; IRFS5: Interferon
Regulatory Factor 5; IRF6: Interferon Regulatory Factor 6; IRF7: Interferon Regulatory Factor 7; IRF8: Interferon
Regulatory Factor 8; ITGAM: Integrin Subunit Alpha M; JIA: Juvenile Idiopathic Arthritis; LYN: LYN Proto-Oncogene,
Src Family Tyrosine Kinase; MECP2: Methyl-CpG Binding Protein 2; MIR146A: MicroRNA 146a; MSH5: MutS Homolog
5; NCF1: Neutrophil Cytosolic Factor 1; NCF2: Neutrophil Cytosolic Factor 2; PEPD: Peptidase D; PRDM1: PR/SET
Domain 1;PTPN22: Protein Tyrosine Phosphatase Non-Receptor Type 22; PRKCB: Protein Kinase C Beta; pSS: primary
Sjogren's syndrome; PXK: PX Domain Containing Serine/Threonine Kinase Like; RASGRP3: RAS Guanyl Releasing
Protein 3; RNASEH2A: Ribonuclease H2 Subunit A; RNASEH2B: Ribonuclease H2 Subunit B; RNASEH2C:
Ribonuclease H2 Subunit C; SAMHDI: SAM and HD Domain Containing Deoxynucleoside Triphosphate
Triphosphohydrolase 1; SAVI:  STING-associated vasculopathy with onset in infancy; SLE: Systemic Lupus
Erythematosus; SLC15A4: Solute Carrier Family 15 Member 4; SPENCD: Spondyloenchondrodysplasia; SS: Sjogren's
syndrome; SSc: systemic sclerosis; T1D: Type 1 diabetes; STAT4: Signal Transducer and Activator Of Transcription 4;
TLR7: Toll Like Receptor 7; TNFAIP3: TNF Alpha Induced Protein 3; TNIP1: TNFAIP3 Interacting Protein 1; TNFSF4:
TNF Superfamily Member 4; TMEM173: Stimulator of Interferon Response CGAMP Interactor 1; TREX1: Three Prime
Repair Exonuclease 1; TYK2: Tyrosine Kinase 2; UBE2L3: Ubiquitin Conjugating Enzyme E2 L3.



Supplementary Table 3. Associations between alternate allele counts and the 21
demographic/clinical variables included in the generalised linear model.

Variable P-value Adjusted p-value

Age at diagnosis 5.64E-09 5.93E-08
Constitutional severity 3.55E-06 2.48E-05
Mucocutaneous severity 0.12 0.20
Neuropsychiatric severity 0.008 0.02
Musculoskeletal severity 0.02 0.05
Cardiorespiratory severity 0.02 0.05
Gastrointestinal severity 0.39 0.52
Ophthalmic severity 0.15 0.23
Renal severity 5.91E-05 0.0003
Haematological severity 0.0006 0.002
Malar rash 0.02 0.05
Discoid lupus 0.88 0.88
Photosensitivity 0.06 0.13
Oral/nasal ulcers 0.46 0.52
Non-erosive arthritis 0.0009 0.003
Serositis 0.11 0.20
Nephritis 0.47 0.52
Neurologic involvement 0.67 0.71
Haematological involvement 0.21 0.30
Immunological involvement 0.43 0.52
Treatment Intensity 6.80E-12 1.43E-10




Supplementary Table 4. 13 genes showed significant correlations between gene-level alternate allele scores and clinical features/severity or treatment

choices.

Variable ACPS DNASE1 IRF8 ITGAM LYN PEPD PXK RASGRP3 RNSSEH2A TNFAIP3 TNFSF4 TYK2 UBE2L3
Diagnosis Age NS NS 0.02240831 NS 0.01065484 NS NS NS NS NS NS NS NS
Constitutional Severity NS NS NS 0.01210467 3.17E+09 NS NS NS NS NS NS NS NS
Mucocutaneous Severity NS NS NS NS NS NS 0.0252778 NS NS NS 0.00813828 NS NS
Neuropsychiatric Severity 1.46E+08 NS NS NS NS NS NS 0.04284439 0.0001746 NS NS 1.16E+08 NS
Musculoskeletal Severity NS 1.45E+09 NS NS 5.45E+08 NS NS NS 0.00026318 NS NS NS NS
Cardiorespiratory Severity NS NS 0.02448327 | 0.00024176 NS NS NS NS NS NS NS NS 0.04497508
Gastrointestinal Severity NS NS NS 0.00024176 NS NS 4.80E+07 NS NS NS NS NS NS
Renal Severity 1.46E+08 NS NS 0.00026373 5.07E+09 NS NS NS NS 0.00712858 NS NS NS
Haematological Severity 0.00338154 0.00328468 NS NS NS NS NS NS 0.00127586 NS NS NS 0.02683156
Malar Rash 0.03799275 NS NS NS NS NS NS NS NS NS NS NS NS
Discoid Lupus NS NS NS NS 3.17E+09 0.00672523 NS NS NS NS NS 0.0282559 NS
Photosensitivity 2.64E+09 NS NS NS NS NS NS NS NS NS NS NS NS
Oral/Nasal Ulcers NS NS 0.03942069 NS NS NS 1.69E+07 NS NS NS NS NS NS
Non-Erosive Arthritis NS 1.45E+09 0.03942069 NS NS NS NS NS NS NS NS NS NS
Serositis NS 9.36E+08 NS NS NS NS 1.69E+07 NS NS NS NS NS NS
Nephritis 0.03192245 NS NS NS NS NS NS NS NS NS NS NS NS
Treatment Intensity NS NS NS 2.99E+09 4.22E-03 NS NS NS 5.38E+09 NS NS NS NS




