LUPUS

SCIENCE &
MEDICINE"

To cite: Al-Mayouf SM, Ziaee V,
Movahedi N, et al. Genetic

and phenotypic landscape

of monogenic lupus: insights
from an international cohort.
Lupus Science & Medicine
2026;13:6001918. doi:10.1136/
lupus-2025-001918

» Additional supplemental

material is published online only.

To view, please visit the journal
online (https://doi.org/10.1136/
lupus-2025-001918).

SMA-M and AAlSa contributed
equally.

Received 8 December 2025
Accepted 28 February 2026

| '.) Check for updates

© Author(s) (or their
employer(s)) 2026. Re-use
permitted under CC BY-NC. No
commercial re-use. See rights
and permissions. Published by
BMJ Group.

For numbered affiliations see
end of article.

Correspondence to
Dr Sulaiman M Al-Mayouf;
almayoufsulaiman@yahoo.com

Genetic and phenotypic landscape of
monogenic lupus: insights from an

international cohort

Sulaiman M Al-Mayouf
Mikhail Kostik

,"2 Vahid Ziaee,** Nasim Movahedi,>®
," Raghad Alhuthil," Abdullah Alsonbul,’ Abdulrahman Asiri,?

Stefano Volpi,®'® Marco Gattorno,? Mahmoud Majeed,'" Safiya Al Abrawi,'?

Mada Yateem
Alhanouf AlSaleem’

ABSTRACT

Objective To characterise the clinical, immunologic

and molecular genetic features of monogenic lupus in a
large, ethnically diverse paediatric cohort and to evaluate
genotype-phenotype correlations.

Methods We conducted a retrospective multicentre study
of 100 children with genetically confirmed monogenic
lupus diagnosed before the age of 14 years. Patients
were enrolled between 2000 and 2025 from centres

in Saudi Arabia, Iran, Russia, Italy, Palestine and Oman.
Demographic data, clinical manifestations, immunological
findings, genetic results, treatments and outcomes were
systematically analysed. Multivariable logistic regression
was used to evaluate associations between specific
genotypes and clinical phenotypes.

Results The median age at onset was 24 months,

with 69% of patients carrying homozygous pathogenic
mutations. The most frequently implicated genes

were C71Q (26%) and DNASE1L3 (25%), representing
complement and type | interferon pathways, respectively.
Mucocutaneous (84%), musculoskeletal (74%) and
neurological (42%) were the most common clinical
features. Disease burden was substantial, reflected by

a median Paediatric Systemic Disease Index score of 3
and a mortality rate of 16%. Distinct ethnic clustering

of specific gene mutations was observed. Genotype-
phenotype analysis revealed that C7@Q pathway defects
were significantly associated with neurologic involvement,
recurrent infections and anti-Sjogren’s syndrome antibody
A (SSA)/SSB positivity, defining a characteristic clinical
profile. In contrast, DNASE1L3-related disease showed
inverse associations with several clinical features,
including recurrent infections, suggesting a different
pathogenic and clinical trajectory.

Conclusion This large international cohort highlights the
clinical and genetic heterogeneity of monogenic lupus.
C1Q and DNASE1L3 mutations account for most cases
and display distinct phenotypic profiles. These findings
underscore the need for genotype-guided diagnostic and
therapeutic approaches in monogenic lupus.

INTRODUCTION
SLE is a complex autoimmune disease char-
acterised by defects in the adaptive immune

,'8 Ashwag Alharthi,™ Sima Al-Saoud,' Anas M Alazami,'®

WHAT IS ALREADY KNOWN ON THIS TOPIC

= Monogenic lupus is a rare, early-onset form of child-
hood lupus caused by single-gene defects, with
more than 30 implicated variants.

= Its non-specific, multisystem presentation often
overlaps with sporadic lupus and other immune-
dysregulation disorders, contributing to diagnostic
delays.

WHAT THIS STUDY ADDS

= This study represents the largest international cohort
of children with genetically confirmed monogenic
lupus.

= Genetic pathways distribution differed across ethnic
groups, suggesting potential ethnic influences on
disease-associated variants.

= DNASETL3 and C7QA were the most frequent
mutations, each demonstrating distinct clinical
phenotypes.

= (1Q deficiencies were associated with increased in-
fections, neurologic involvement and anti-Sjogren’s
syndrome anSyndrome Antibody A (SSA)/SSB
positivity.

= Interferon-pathway mutations were linked to milder
disease and fewer infections.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= Underscores the value of early genetic testing for
accurate diagnostic stratification and individualised
management.

= Supports the implementation of genotype-guided
diagnostic and therapeutic strategies in monogenic
lupus.

system, B-cell dysregulation and the produc-
tion of autoantibodies. While its pathogenesis
remains incompletely understood, it involves
a combination of environmental, hormonal,
immunoregulatory and genetic factors. Up
to 100 susceptibility loci have been associated
with polygenic SLE, and single-gene muta-
tions have been identified in monogenic
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lupus and lupus-like, particularly in Arab, European and
Asian populations, emphasising the crucial role of genetic
factors, especially in paediatric cases.'™

Childhood-onset SLE (cSLE) accounts for 10-20% of
all SLE cases and tends to have a more severe and diverse
clinical presentation than adult-onset SLE.*® Monogenic
or Mendelian lupus refers to high-penetrance genetic
variants, either dominantly or recessively inherited, that
cause early-onset, severe disease. These variants affect
both innate and adaptive immune regulation and lead
to overlapping autoimmune and autoinflammatory
features.”

Advancements in genetic testing, including whole
exome sequencing (WES) and next-generation
sequencing (NGS), have identified over 30 pathogenic
and novel variants associated with monogenic lupus
or lupus-ike disorders.' > The most commonly affected
pathways include the complement system, especially Clq,
C4 and C2 deficiencies, and the type I interferon (IFN)
signalling pathway.*""

Patients with monogenic lupus often present with
severe disease early in life, frequently within consan-
guineous families, and show a strong familial predisposi-
tion.""™" Despite advancements in our understanding of
disease mechanisms, effective and targeted therapeutic
interventions remain limited.

Depending on the gene variant, monogenic lupus pres-
ents a wide spectrum of non-specific clinical manifesta-
tions due to multiorgan involvement, often overlapping
with features of sporadic lupus, interferonopathies and
other inherited immune dysregulation disorders, thereby
contributing to delayed diagnosis and appropriate
management.'*

This study aims to describe the clinical and genetic
characteristics of patients with monogenic lupus from
an international multicentre cohort and identify novel,
rare and pathogenic variants associated with monogenic
lupus.

MATERIALS AND METHODS
Participants
This multicentre, retrospective observational study

included patients diagnosed with monogenic lupus from
King Faisal Specialist Hospital and Research Center
(KFSHRC), Riyadh, Saudi Arabia, as well as other collabo-
rating centres in Saudi Arabia, Iran, Russia, Italy, Palestine
and Oman. All patients were seen between June 2000 and
May 2025. The included patients were diagnosed before
the age of 14 years, met the 2019 European Alliance of
Associations for Rheumatology/American College of
Rheumatology (EULAR/ACR) classification criteria for
SLE, and had a confirmed pathogenic or likely pathogenic
variant associated with monogenic lupus.'” Patients hete-
rozygous for autosomal recessive variants were included
only if an index case with a confirmed pathogenic variant
was identified. Patients with familial cSLE without genetic

confirmation or those with insufficient clinical data were
excluded.

Data collection

Demographic data including ethnicity and consanguinity,
along with clinical features and laboratory findings, were
retrospectively collected. Clinical features included consti-
tutional, haematological, neuropsychiatric, mucocuta-
neous, serosal, musculoskeletal and renal involvement.
Data on recurrent infections were collected. Recurrent
infection was defined as more than one episode with the
same or different organisms, and severity was assessed
by the need for parenteral antimicrobials and/or inten-
sive care admission. Laboratory investigations included
inflammatory markers, ANA, anti-double-stranded-DNA,
anti-Smith, anti-Sjogren’s syndrome anSyndrome Anti-
body A (SSA), anti-SSB, anti-ribonucleoprotein anti-
body (RNP), phospholipid antibodies and complement
levels. Molecular analysis was performed at multiple
centres using different methods; some patients under-
went WES, while others had targeted gene panels. Vari-
ants were interpreted according to standard guidelines
at each centre. The analysis comprehensively reviewed
all available clinical, laboratory and treatment data from
the time of monogenic lupus diagnosis through the
follow-up period. All medications were documented from
disease onset to study enrolment. Formal assessment of
treatment response using disease activity indices was not
performed; instead, disease-related damage, measured
using the paediatric adaptation of the Systemic Lupus
International Collaborating Clinics/American College
of Rheumatology Damage Index (Paediatric Systemic
Disease Index (pSDI)) and lupus-related mortality were
recorded.'®

Patient and public involvement
Patients or the public were not involved in the design,
conduct, reporting or dissemination plan of this study.

Statistical analysis

Statistical analyses were performed using STATA V.18.
Categorical variables were compared using the °
tests, and continuous variables were analysed using the
Kruskal-Wallis test. Dunn’s test, with Holm-Sidak adjust-
ment for multiple pairwise comparisons, was used to eval-
uate differences in age at monogenic lupus diagnosis.
For multivariable analysis, logistic regression assessed
genotype-phenotype associations. A Bonferroni-adjusted
significance threshold of p<0.017 was applied to account
for multiple testing. A p value <0.05 was considered statis-
tically significant.

RESULTS

Out of 104 initial patients, four patients were excluded
due to variants of uncertain significance or heterozy-
gous mutations in autosomal recessive genes without a
supportive family history of monogenic lupus. A total of
100 patients with genetically confirmed monogenic lupus
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Childhood lupus

Table 1 Demographics, clinical characteristics and outcomes of 100 patients with monogenic lupus
Arab Caucasian Persian Overall

Parameters No.=57 (%) No.=24 (%) No.=19 (%) No.=100 (%) P value

Demographics
Female gender 35 (61.4) 15 (62.5) 13 (68.4) 63 (63.0) 0.859
Age at disease onset (months), median (IQR) 36 (8-60) 10 (4.5-16.5) 24 (9-60) 24 (7-60) 0.031
Age at diagnosis (years), median (IQR) 4 (2-8.75) 12 (7.5-16) 5 (2-6) 6 (3-11) <0.001*t
Consanguinity 52 (91.2) 0 (0.0) 19 (100.0) 1(71.0) <0.001*
Family history 35 (61.4) 7 (29.2) 5 (26.3) 7 (47.0) 0.004*
Constitutional symptoms 48 (84.2) 20 (83.3) 12 (63.2) 0 (80.0) 0.125

Organ involvement
Mucocutaneous involvement 45 (79.0) 21 (87.5) 18 (94.7) 4 (84.0) 0.231
Musculoskeletal involvement 42 (73.7) 18 (75.0) 14 (73.7) 4 (74.0) 0.992
Neurological involvement 24 (42.1) 5(20.8) 13 (68.4) 2 (42.0) 0.007*
Renal involvement 20 (35.1) 11 (45.8) 6 (31.6) 7 (37.0) 0.568
Gastrointestinal involvement 17 (29.8) 4 (16.7) 5 (26.3) 6 (26.0) 0.467
Lung involvement 15 (26.3) 7 (29.2) 3(15.8) 5(25.0) 0.567
Cardiovascular involvement 12 (21.1) 5(20.8) 6 (31.6) 3 (23.0) 0.614
Recurrent infections 26 (45.6) 4 (16.7) 6 (31.6) 6 (36.0) 0.042
pSDI median (IQR) 3 (1-6) 1.5 (0-4) 5 (3-7) 3 (1-6) 0.013*t
Mortality 10 (17.5) 14.2) 5 (26.3) 16 (16.0) 0.128

P values were reported using the % test and the Kruskal-Wallis’s test.

*Considered statistically significant (p<0.017) adjusted significance level after Bonferroni correction.
1Significant difference between Caucasians and Arabs (p<0.001) and between Caucasians and Persians (p<0.001), adjusted for multiple

comparisons in post-hoc analysis.

fNotable differences between Persians and Arabs (p=0.022) and significant between Caucasians and Persians (p=0.006), adjusted for

multiple comparisons in post-hoc analysis.
pSDI, Paediatric Systemic Disease Index.

were included; 63% were female. The median age at
disease onset was 24 months (IQR 7-60). Demographic
and clinical characteristics, along with disease outcomes,
are summarised in table 1. The majority of patients were
of Arab descent (57%), followed by Caucasian (24%) and
Persian (19%). Consanguinity was significantly higher
in Persian (100%) and Arab (91.2%) patients compared
with Caucasian patients (0%) (p<0.001). Family history
of lupus was most frequent among Arab patients (61.4%)
compared with other ethnic groups (p=0.004).

Clinical and laboratory manifestations

Our cohort exhibited a broad and heterogenous spec-
trum of clinical manifestations (online supplemental
S.1). Constitutional symptoms were common, with recur-
rent fever reported in 75% of patients and growth failure
in 45%. Mucocutaneous involvement was observed in
84% of cases, including manifestations such as recurrent
oral ulcers, discoid rash and scarring alopecia. Muscu-
loskeletal symptoms were also prevalent, with arthritis
occurring in 74% of patients. Neurological involvement
was noted in 42%, presenting as recurrent headaches,
seizures or lower limb spasticity; this was most frequent
among Persian patients (68.4%, p 0.007). Renal involve-
ment was identified in 37 patients (37%); of whom 19

had renal impairment (elevated serum creatinine and/
or reduced age-adjusted estimated glomerular filtration
rate (eGFR)). Among these, 30 patients (81.1%) had
biopsy-confirmed lupus nephritis. According to the Inter-
national Society of Nephrology/Renal Pathology Society
(ISN/RPS) classification,'® " proliferative lupus nephritis
(class III or IV) was observed in 15 patients, membranous
lupus nephritis (class V) in seven and combined prolifer-
ative and membranous lupus nephritis (class III/IV+V)
in another seven patients. Additionally, one patient had
focal segmental glomerulosclerosis. Lung involvement
was seen in 25 patients, of whom 18 had chronic lung
infiltrates characterised by diffuse interstitial infiltration
without a specific distribution pattern, and 10 demon-
strating nodular or cavitary lesions. Documented recur-
rent infections occurred in 36% of patients, with bacterial
infection being the most frequent. Nine patients expe-
rienced more than one type of infection, with a higher
(though not statistically significant) frequency among
Arabs (45.6%) compared with Caucasians (16.7%)
(p=0.042) (table 1).

Laboratory findings are summarised in table 2. Inves-
tigations revealed elevated inflammatory markers and
positive ANA levels in the majority of patients, with
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Table 2 Laboratory findings of 100 patients with monogenic lupus

Arab Caucasian Persian Overall
Parameters No.=57 (%) No.=24 (%) No.=19 (%) No.=100 (%) P value
Positive Coombs test 37/54 (68.5) 9/17 (52.9) 2/17 (11.8) 48/88 (54.6) <0.001*
Abnormal APR 52/55 (94.6) 21/24 (87.5) 14/19 (73.7) 87/98 (88.8) 0.045
Renal impairment 13/52 (25.0) 4/12 (33.3) 2/19 (10.5) 19/83 (22.9) 0.284
Transaminitis 9/55 (16.4) 3/23 (13.0) 8/19 (42.1) 20/97 (20.6) 0.034
Hyperserotonaemia 3/55 (5.5) 1/24 (4.2) NA 4/79 (5.1) 0.81
Low C3, C4 33/57 (57.9) 15/24 (62.5) 5/19 (26.3) 53/100 (53.0) 0.033
Low CH50 23/30 (76.7) NA 16/19 (84.2) 39/50 (78.0) 0.135
Low C1q 20/31 (64.5) NA 5/5 (100.0) 25/37 (67.6) 0.100
Hypogammaglobulinaemia 22/52 (42.3) 7/24 (29.2) 2/19 (10.5) 31/95 (32.6) 0.037
ALl 14/32 (43.8) 1/1 (100.0) 1/3 (33.3) 16/36 (44.4) 0.495
ANA (>1:80) 55 (96.5) 20 (83.3) 19 (100.0) 94 (94.0) 0.035
Anti-ds-DNA 37 (64.9) 15 (62.5) 8 (42.1) 60 (60.0) 0.205
Anti-Smith 26 (45.6) 2 (8.3) 2 (10.5) 30 (30.0) <0.001*
Anti-SSA (Ro) 23 (40.4) 4 (16.7) 6 (31.6) 33 (33.0) 0.116
Anti-SSB (La) 17 (29.8) 3 (12.5) 1(5.3) 21 (21.0) 0.038
Anti-RNP 18 (31.6) 0(0.0) 1(5.3) 19 (19.0) 0.001*
APL 30 (52.6) 7 (29.2) 7 (36.8) 44 (44.0) 0.119

P values were reported using the x? test.

*Considered statistically significant (p<0.017) adjusted significance level after Bonferroni correction.

ALI, abnormal lymphocyte immunophenotyping; Anti-ds-DNA, anti-double-stranded DNA antibody; Anti-RNP, anti-ribonucleoprotein antibody;
Anti-Smith, anti-Smith antibody; Anti-SSA (Ro), Anti-Sjogren’s syndrome antibody A (Ro); Anti-SSB (La), Anti-Sjogren’s syndrome antibody

B (La); APL, antiphospholipid antibodies; APR, acute phase reactants; C3, C4, complement components 3 and 4; CH50, total haemolytic
complement (classical pathway activity); C1q, complement component 1q.

variable frequencies of extractable nuclear antigens,
including anti-ds-DNA, anti-SSA and anti-SSB antibodies.
Notably, anti-Smith and anti-RNP antibodies, along with
low serum Clq levels, were significantly more prevalent
in Arabs compared with Caucasian and Persian patients
(p<0.00land p=0.001, respectively). In contrast, low
serum total haemolytic complement (CH50) levels were
predominantly observed in Persian patients. It is worth
noting that CH50 data are not available for Caucasian
patients.

Imaging studies were performed on a subset of the
cohort. Chest CT was conducted in 49 patients, of whom
10 (20.4%) demonstrated abnormal findings, including
interstitial lung disease with nodular and cavitary lesions.
A brain MRI was performed at different centres, only
in patients with neurological manifestation (n=46) and
revealed non-specific abnormalities such as brain atrophy,
vasculopathy, white matter changes and basal ganglia
calcification (online supplemental S.2).

Treatment and outcomes

All patients received systemic corticosteroids and immu-
nosuppressive therapy, including both conventional
and biologic disease-modifying antirheumatic drugs
(DMARDs). Among the biologic DMARDs, rituximab
was administered to 26 patients, belimumab to 26 and
Janus kinase (JAK) inhibitors to 10 patients (online

supplemental S.3). In a subset of cases, sequential therapy
with rituximab followed by belimumab was implemented
to achieve better disease control. Despite therapy, most
patients experienced cumulative organ damage. The
median accrual damage index (pSDI) was 3 (IQR 1-6),
with the most frequently affected domains being growth
and skin, followed by neurological and renal systems. 16
patients (16%) died due to severe multiorgan involve-
ment compounded by serious infections.

Molecular genetics

Genetic analysis of 100 patients with monogenic lupus
revealed a diverse spectrum of pathogenic or likely path-
ogenic mutations spanning multiple immunological
pathways (figure 1). The most prominent cluster involved
defects in the complement cascade, accounting for over
one-third of all cases (35 patients). Among these, 26
patients harboured homozygous mutations in CI10Q genes,
including 20 in CIQA, all carrying bi-allelic pathogenic
or likely pathogenic variants. The two most common of
these were the missense c.470G>A (p.Glyl57Asp) and the
nonsense ¢.622C>T (p.GIn208*) mutations. Additional
homozygous variants were identified in CIQC in four
patients, and two each in CIQB and CIS, consistent with
autosomal recessive inheritance. Rare variants were also

identified in C3, C4A, C8B and CRI, further highlighting
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Gene nomenclature

Figure 1

the contribution of early complement deficiencies in
disease pathogenesis (online supplemental S.4).

Genes in the type I IFN signalling pathway repre-
sented the largest single functional category, with muta-
tions found in 48 patients. DNASEIL3 emerged as the
most frequently affected gene within this group, with 25
patients carrying pathogenic mutations, of whom 18 had
homozygous variants, while the remainder were either
compound heterozygous or carried a single heterozygous
mutation (for which the other allele was likely outside our
NGS methodology), in the context of a history of affected
siblings. Figure 2 provides a schematic representation
of protein-coding mutations in the CIQ subunits and
DNASE1L3 as observed in this cohort.

Other notable findings included bi-allelic pathogenic
variants in ACP5, DNASE2 and ISGI15, as well as heterozy-
gous mutations in TMEM173, TLR3, TLR7, TLRS, PIK3CD
and several additional genes. These findings were consis-
tent with autosomal dominant or X-linked modes of inher-
itance. A somatic NRAS ¢.38G>A (p.Glyl3Asp) mutation
was identified in one patient, supporting the emerging
role of somatic mosaicism in lupus pathogenesis.'®

Genes involved in self-tolerance and lymphocyte regu-
lation were implicated in 15 patients. PRKCD was the
most frequently affected gene in this category. Additional
pathogenic variants of interest included heterozygous
mutations in PTEN and PTPN11, as well as a hemizygous
mutation in RNFI28.

Finally, two patients carried mutations in genes not
classically associated with lupus but involved in broader
immune regulation. These included a homozygous
nonsense mutation in CYBB and a heterozygous missense
variant in ZAP70. While their significance in lupus
remains uncertain, these findings may point towards
underlying immune dysregulation or tolerance-breaking
mechanisms.

The distribution of genetic pathways appeared to vary
among ethnic groups within this cohort. Complement

Identified genetic defects and pathways involved in a cohort of 100 patients.

deficiencies were more frequently observed in Persian
patients (63.2%) compared with Arab (35.1%) and
Caucasian (12.5%) patients. Conversely, type I IFN
pathway defects were more common in Caucasian
patients (79.2%) than in Arabs (38.6%) and Persians
(36.8%) patients. Figure 3 illustrates the distribution of
genetic pathways in relation to ethnicity.

Overall, the most frequently mutated genes in this
cohort were CIQ (26%) and DNASEIL3 (25%). The
majority of patients (69%) had homozygous mutations,
while 28% had heterozygous, 2% had compound hetero-
zygous and 1% had hemizygous mutations.

Genotype and phenotype association

A wide spectrum of mutations was identified across the
cohort; however, the majority were attributable to muta-
tions in DNASEIL3, representing the IFN signalling
pathway, and CIQ, representing the complement system.
Accordingly, genotype-phenotype correlation analyses
were primarily focused on these two immunological path-
ways.

Comparison of clinical features and autoantibody
profiles between patients with mutations affecting the
complement or IFN signalling pathways vs those with
other genetic mutations revealed several statistically
significant differences (tables 3 and 4).

Patients with complement gene mutations, predomi-
nantly CIQ, exhibited significantly higher rates of neuro-
logical involvement and developmental delay (60.0% vs
32.3%, p=0.007), an association that remained significant
in multivariable analysis (OR=3.7; 95% CI 1.32 to 10.59;
p=0.013). These patients were also more likely to have
mucocutaneous lesions and musculoskeletal involve-
ment, though these associations did not achieve statistical
significance. Recurrent infections were significantly more
frequent in this group (57.1% vs 24.6%, p=0.001), with
increased odds in the adjusted model (OR=3.7; 95% CI
1.29 to 10.68; p=0.015). Serologically, they demonstrated
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a higher prevalence of specific autoantibodies, partic-
ularly anti-Smith (45.7% vs 21.5%, p=0.012), anti-SSA
(Ro) (62.9% vs 16.9%, p<0.001) and anti-SSB (La) anti-
bodies (37.1% vs 12.3%, p=0.004). The strongest inde-
pendent association was observed with anti-SSA positivity
(OR=19.6; 95% CI 3.41 to 113.05; p=0.001). Additionally,
complement deficiency was associated with an increased
damage index in the univariable analysis, as reflected by
a higher pSDI median score (5 vs 2; p=0.029). However,
there was no significant association with mortality.

In contrast, patients with mutations in the IFN signal-
ling pathways, primarily DNASE1L3, were significantly less
likely to experience recurrent infections (18.8% vs 51.9%,
p=0.001), a finding that remained robust in multivariable
analysis (OR=0.3; 95% CI 0.11 to 0.77; p=0.013). While
these patients also showed a lower frequency of neurolog-
ical symptoms, the differences were not statistically signif-
icant. Serologically, they were less likely to test positive for
anti-Smith (14.6% vs 44.2%, p=0.001), anti-SSA (12.5% vs
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Figure 3 Distribution of genetic pathways in relation to
ethnicity. Complement defect is more common in Persian
patients (63.2%) compared with Arab (35.1%) and Caucasian
(12.5%) patients. Type | interferon defect is significantly
higher in Caucasian patients (79.2%) than in Arabs (38.6%)
and Persians (36.8%) (p=0.001).

51.9%, p<0.001) and anti-SSB antibodies (8.3% vs 32.7%,
p=0.003) in the univariable analysis. Notably, no signifi-
cant associations were observed between IFN signalling

pathway mutations and clinical outcomes or mortality
(table 4).

DISCUSSION

Monogenic lupus is typically characterised by early-
onset disease and severe clinical manifestations, and a
strong association with a positive family history, particu-
larly in populations with high rates of consanguinity.”
Numerous pathogenic and novel genetic variants have
been implicated in monogenic lupus and lupus-like disor-
ders." * ' While several reports have described the clin-
ical and laboratory features of monogenic lupus, high-
lighting unique phenotypes based on underlying genetic
defects, comprehensive genotype-phenotype correlation
studies remain limited.'*™' Various terms have been used
in the literature to describe this clinical entity, including
early-onset SLE, monogenic SLE, SLE-like phenotype,
lupus-like disease, lupus-like syndrome, familial SLE
and Mendelian lupus. However, standardised diagnostic
criteria for monogenic lupus have not yet been estab-
lished. In addition, a variety of monogenic predisposing
conditions, particularly inborn errors of immunity, have
been associated with lupus manifestations, underscoring
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Table 3 Univariable associations between genotype and organ phenotypes in monogenic lupus

Self-tolerance

Complement defect

(T and B cell defect)

Type | interferon defect

Yes No Yes No Yes No
35 (%) 65 (%) Pvalue 15 (%) 85 (%) P value 48 (%) 52 (%) P value
Organ involvement
Mucocutaneous 1(88.6) 53(81.5) 0.360 11 (73.3) 3(85.9) 0.222 0 (83.3) 4 (84.6) 0.861
Musculoskeletal 9(82.9) 45(69.2) 0.138 9 (60.0) 5(76.5) 0.180 5(72.9) 9(75.0) 0.812
Neurological 21 (60.0) 21(32.3) 0.007* 3 (20.0) 9 (45.9) 0.061 7 (35.4) 5(48.1) 0.200
Gastrointestinal 2(34.3) 14(21.5) 0.166 3 (20.0) 3(27.1) 0.566 1(22.9) 5(28.9) 0.499
Renal 0(28.6) 27 (41.5) 0.200 4 (26.7) 33(38.8) 0.369 21 (43.8) 16(30.8) 0.179
Lupus nephritis 10 (28.6) 20(30.8) 0.819 4 (26.7) 6(30.6) 0.760 16 (33.3) 14 (26.9) 0.485
Lung 8 (22.9) 7(26.2) 0.717 4 (26.7) 1(@4.7) 0.872 13 (27.1) 12(23.1) 0.644
Cardiovascular 10 (28.6) 13 (20.0) 0.331 2(13.3) 1(@4.7) 0.335 11(22.9) 12(23.1) 0.985
Recurrent infections 20 (57.1) 16 (24.6) 0.001* 6 (40.0) 0(35.3) 0.726 9(18.8) 27 (61.9) 0.001*
Antibodies
ANA (>1:80) 4(97.1) 60(92.3) 0.332 13 (86.7) 1(95.3) 0.195 45 (93.8) 9(94.2) 0.919
Anti-ds-DNA 7 (48.6) 43 (66.2) 0.087 12 (80.0) 8 (56.5) 0.086 30 (62.5) 0(57.7) 0.624
Anti-Smith 6(45.7) 14215 0.012* 7 (46.7) 3@27.1) 0.127 7 (14.6) 3(44.2) 0.001*
Anti-SSA (Ro) 2629 11(16.9) <0.001* 5(33.3) 8(32.9) 0.976 6 (12.5) 7(1.9 <0.001*
Anti-SSB (La) 3(@7.1) 8 (12.3) 0.004* 4 (26.7) 7 (20.0) 0.559 4 (8.3) 7 (32.7) 0.003*
APL 3(@7.1) 31@47.7) 0.311 10 (66.7) 4 (40.0) 0.055 20 (41.7) 4 (46.2) 0.652
Outcomes
pSDI, median (IQR) 5(1-7) 2(0-5) 0.029 1(0-4) 3(1-6) 0.048 2(1-6) 3(1-6) 0.524
Mortality 7(20.00 9(13.9 0.423 4 (26.7) 12 (14.1) 0.222 5(10.4) 11 (21.2) 0.143

P values were reported using the y? test for categorical variables and Kruskal-Wallis for the pSDI.

*Considered statistically significant (p<0.017) adjusted significance level after Bonferroni correction.

Anti-dsDNA, anti-double-stranded-DNA; Anti-SSA (Ro), anti-Sjogren’s syndrome antibody A (Ro); Anti-SSB (La), anti-Sjogren’s syndrome
antibody B (La); APL, antiphospholipid antibodies; pSDI, Paediatric Systemic Disease Index.

the clinical heterogeneity and phenotypic overlap of
this group of disorders.” '* *! Based on current evidence,
monogenic lupus can be tentatively defined as the pres-
ence of lupus manifestations in individuals with immune
dysregulation attributable to a pathogenic or likely path-
ogenic variant in a single gene."” ** In this multicentre
international study, we present one of the largest cohorts

of patients with genetically confirmed monogenic lupus.
Our primary aim was to validate previously reported
genotype-phenotype associations and identify novel path-
ogenic variants, particularly in high consanguineous
populations. Remarkably, 83% of patients in our cohort
were products of consanguineous marriage, reinforcing
the known link between consanguinity and autosomal

Table 4 Multivariable logistic regression: genetic-phenotypic associations in monogenic lupus

Complement defect

Type | interferon defect

OR (95% Cl) P value OR (95% Cl) P value
Neurological Involvement 3.7 (1.32 to 10.59) 0.013* T T
Recurrent infections 3.7 (1.29 to 10.68) 0.015* 3(0.11 t0 0.77) 0.013*
Anti-Smith 0.7 (0.2 to 2.62) 0.625 5(0.17 to 1.71) 0.292
Anti-SSA (Ro) 19.6 (3.41 to 113.05) 0.001* 2 (0.03t0 0.9) 0.038
Anti-SSB (La) 0.2 (0.04 to 1.45) 0.120 5(0.21 to 10.28) 0.705

P values were reported using multivariable logistic regression.

*Considered statistically significant (p<0.017) adjusted significance level after Bonferroni correction.

TNot significant association by univariable associations.

Anti-SSA (Ro), anti-Sjogren’s syndrome antibody A (Ro); Anti-SSB (La), anti-Sjogren’s syndrome antibody B (La).
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recessive monogenic lupus. Notably, there was an average
diagnostic delay of approximately 3 years from disease
onset, underscoring the ongoing challenge in timely
recognition of these rare disorders.

Our findings confirm the genetic heterogeneity of
monogenic lupus, with the most frequently affected path-
ways being the complement cascade, especially muta-
tions in CIQ, followed by DNASEIL3. The distribution
of genetic pathways varied across ethnic groups within
our cohort, suggesting possible ethnic influences on the
underlying genetic architecture of monogenic lupus.
Consistent with earlier reports, our cohort exhibited
early disease onset and multi-organ involvement. The
broad clinical spectrum spanned constitutional, mucocu-
taneous, musculoskeletal, neurological, renal, pulmonary
and immunological domains, underscoring the systemic
and complex nature of monogenic lupus.

Interestingly, anti-ds-DNA antibodies were infrequently
detected, whereas other autoantibodies such as anti-Smith
and anti-SSB were more commonly observed. Infections
were a significant complication, affecting 40% of patients,
while disease-related mortality was substantial, with 16%
of the cohort succumbing to severe disease and associated
infections.

Importantly, our analysis revealed distinct genotype-
phenotype associations. Patients with CIQA mutations
demonstrated a more severe disease phenotype, marked
by higher rates of recurrent infections, developmental
delay, neurological manifestations and mucocutaneous
lesions. These patients were also more likely to test positive
for anti-Smith, anti-SSA and anti-SSB antibodies. Multi-
variable analysis further identified spasticity and anti-SSA
antibody positivity as features significantly associated with
CI0A mutations. Conversely, DNASEIL3 mutations were
associated with a comparatively milder clinical course,
characterised by lower rates of neurological involvement
and infections, though ocular involvement was more
common in this group.

A detailed evaluation of treatment strategies is beyond
the scope of this study.*>* While no therapies are specifi-
callyapproved formonogeniclupus orinterferonopathies,
off-label use of conventional biologic DMARDs—particu-
larly B-cell depleting therapies and JAK inhibitors—was
common in our cohort, with a subset of patients requiring
sequential or combination regimens.

The main strength of this study lies in its focus on
genotype-phenotype correlations in a relatively large,
genetically diverse and well-characterised cohort of
patients. The multicentre design enabled the inclusion
of individuals from a range of ethnic backgrounds and
geographic regions, enhancing the generalisability of
the findings. Nonetheless, several limitations should be
acknowledged. Patient selection bias may have influ-
enced the representation of genotypes and phenotypes,
as participating centres varied in the number of enrolled
patients and the depth of available data. In addition, the
multicentre design resulted in heterogeneity in genetic
testing approaches across and within centres. The study

also did not systematically evaluate the full spectrum of
rare or novel variants, thereby limiting the comprehen-
siveness of genotype-phenotype association analyses.
Finally, formal assessment of treatment response using
standardised disease activity indices was not feasible due
to the retrospective design and the long study period
spanning more than 25 years, resulting in incomplete and
non-comparable disease activity data.

CONCLUSION

This study presents the most extensive international data
on genotype-phenotype associations in children with
monogenic lupus. The disease manifestations observed
ranged from mild features to severe, life-threatening
organ involvement. These findings emphasise the value
of genetic testing in early diagnosis and risk stratification
and support its role in guiding clinical management and
genetic counselling based on individual genetic profiles.

Author affiliations

'Pediatric Rheumatology, King Faisal Specialist Hospital and Research Center,
Riyadh, Saudi Arabia

%Alfaisal University College of Medicine, Riyadh, Saudi Arabia

%Children’s Medical Center, Tehran, Iran (the Islamic Republic of)

“Department of Pediatrics, Tehran University of Medical Sciences, Tehran, Iran (the
Islamic Republic of)

5School of Medicine, Golestan University of Medical Sciences, Gorgan, Iran (the
Islamic Republic of)

SGolestan Rheumatology Research Center, Golestan University of Medical Sciences,
Gorgan, Iran (the Islamic Republic of)

"Saint Petersburg State Pediatric Medical University, Sankt Peterburg, Russian
Federation

®Department of Pediatrics, Prince Sultan Medical Military City, Riyadh, Saudi Arabia
‘uoc Reumatologia e Malattie Autoinfiammatorie, IRCCS Istituto Giannina Gaslini,
Genoa, Italy

'DINOGMI, University of Genoa, Genoa, Italy

"'King Fahad Armed Forces Hospital, Jeddah, Saudi Arabia

"2Department of Child Health, Royal Hospital, Muscat, Oman

King Fahad Hospital, Jazan, Saudi Arabia

14Security Forces Hospital in Riyadh, Riyadh, Saudi Arabia

SDepartment of Pediatrics, Al-Quds University, Abu Dis, Palestine, State of
'8Department of Translational Genomics, King Faisal Specialist Hospital and
Research Center, Riyadh, Saudi Arabia

Acknowledgements We sincerely thank our patients and their families for their
cooperation.

Contributors Conceptualisation: SMA-M and AAISa; methodology: SMA-M, AAISa
and RA; collecting data: AAISa, NM, VZ, MK, AAs, SV, MM, SAA, MY, AAlh and SA-S;
formal analysis: (SMA-M, AAISa, RA, AMA); writing—original draft preparation:
SMA-M, RA and AMA; critically revised for important intellectual content: SMA-M,
AAISa, RA, AMA, NM, VZ, MK, AAlso, AAs, SV, MG, MM, SAA, MY, AAlh and SA-S.
SMA-M is the guarantor.

Funding The authors have not declared a specific grant for this research from any
funding agency in the public, commercial or not-for-profit sectors.

Competing interests None declared.

Patient and public involvement Patients and/or the public were not involved in
the design, conduct, reporting or dissemination plans of this research.

Patient consent for publication Not applicable.

Ethics approval This study involves human participants and was approved by
KFSHRC Research Advisory Council (RAC #2221105). Participants gave informed
consent to participate in the study before taking part.This study adhered to the
Declaration of Helsinki (2000). All data were obtained through routine medical
procedures. Written informed consent for genetic testing was obtained from the

8 Al-Mayouf SM, et al. Lupus Science & Medicine 2026;13:001918. doi:10.1136/lupus-2025-001918

'salbojouyoal Jejiwis pue ‘Buluresy |y ‘Buiuiw elep pue 1xa) 01 parejal sasn 1o} Buipnjour ‘ybLAdod Ag pajoslold
1senb Aq 920z aunr OT U0 wodfwg sndny//:sdny woly papeojumod ‘9Z0Z YdJeN 8T U0 8T6T00-5202-sndNn)/9eTT 0T Se paysiignd 1siy :8uldIpa % 82uslds sndn



Childhood lupus

parents at the time of blood extraction as part of standard medical care. Data were
collected anonymously from patient records, ensuring confidentiality, and with no
personally identifiable information included.

Provenance and peer review Not commissioned; externally peer reviewed.

Data availability statement Data are available upon reasonable request.

Supplemental material This content has been supplied by the author(s). It has
not been vetted by BMJ Publishing Group Limited (BMJ) and may not have been
peer-reviewed. Any opinions or recommendations discussed are solely those

of the author(s) and are not endorsed by BMJ. BMJ disclaims all liability and
responsibility arising from any reliance placed on the content. Where the content
includes any translated material, BMJ does not warrant the accuracy and reliability
of the translations (including but not limited to local regulations, clinical guidelines,
terminology, drug names and drug dosages), and is not responsible for any error
and/or omissions arising from translation and adaptation or otherwise.

Open access This is an open access article distributed in accordance with the
Creative Commons Attribution Non Commercial (CC BY-NC 4.0) license, which
permits others to distribute, remix, adapt, build upon this work non-commercially,
and license their derivative works on different terms, provided the original work is
properly cited, appropriate credit is given, any changes made indicated, and the use
is non-commercial. See: https://creativecommons.org/licenses/by-nc/4.0/.

ORCID iDs

Sulaiman M Al-Mayouf https://orcid.org/0000-0003-0142-6698
Mikhail Kostik https://orcid.org/0000-0002-1180-8086

Mada Yateem https://orcid.org/0000-0003-0504-0266

REFERENCES

1 Demirkaya E, Sahin S, Romano M, et al. New Horizons in the Genetic
Etiology of Systemic Lupus Erythematosus and Lupus-Like Disease:
Monogenic Lupus and Beyond. J Clin Med 2020;9:712.

2 Wang Y-F, Zhang Y, Lin Z, et al. Identification of 38 novel loci for
systemic lupus erythematosus and genetic heterogeneity between
ancestral groups. Nat Commun 2021;12:772.

3 Carlomagno R, Gold N, Liao F, et al. Genetics of Childhood-Onset
Systemic Lupus Erythematosus. Arthritis Rheum 2025;77:1524-32.

4 Silva CA, Aikawa NE, Bonfa E. Updates in the care and management
of children and adolescents with systemic lupus erythematosus. Curr
Opin Rheumatol 2024;36:315-21.

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

6 Calatroni M, Andrulli S, Doti F, et al. Long-term prognosis of lupus
nephritis: comparison between pediatric, adult, and advanced age
onset. Front Immunol 2025;16:1531675.

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

8 Tirosh I, Spielman S, Barel O, et al. Whole exome sequencing in
childhood-onset lupus frequently detects single gene etiologies.
Pediatr Rheumatol 2019;17:52.

9

20

21

22

23

24

25

Al-Mayouf SM, Alreefi HA, Alsinan TA, et al. Lupus manifestations in
children with primary immunodeficiency diseases: Comprehensive
phenotypic and genetic features and outcome. Mod Rheumatol
2021;31:1171-8.

Belot A, Rice Gl, Omarjee SO, et al. Contribution of rare and
predicted pathogenic gene variants to childhood-onset lupus: a
large, genetic panel analysis of British and French cohorts. Lancet
Rheumatol 2020;2:€99-109.

Al-Mayouf SM, Sunker A, Abdwani R, et al. Loss-of-function

variant in DNASE1L3 causes a familial form of systemic lupus
erythematosus. Nat Genet 2011;43:1186-8.

Akbar L, Alsagheir R, Al-Mayouf SM. Efficacy of a sequential
treatment by belimumab in monogenic systemic lupus
erythematosus. Eur J Rheumatol 2020;4:184-9.

Webb R, Kelly JA, Somers EC, 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 2011;70:151-6.
Kim H, Sanchez GAM, Goldbach-Mansky R. Insights from Mendelian
Interferonopathies: Comparison of CANDLE, SAVI with AGS,
Monogenic Lupus. J Mol Med (Berl) 2016;94:1111-27.

Al-Mayouf SM, Akbar L, Abdwani R, et al. Performance of the
EULAR/ACR 2019 classification criteria for systemic lupus
erythematous in monogenic lupus. Clin Rheumatol 2022;41:2721-7.
Gutiérrez-Suarez R, Ruperto N, Gastaldi R, et al. A proposal for a
pediatric version of the Systemic Lupus International Collaborating
Clinics/American College of Rheumatology Damage Index based
on the analysis of 1,015 patients with juvenile-onset systemic lupus
erythematosus. Arthritis Rheum 2006;54:2989-96.

Weening JJ, D’Agati VD, Schwartz MM, et al. The classification of
glomerulonephritis in systemic lupus erythematosus revisited. J Am
Soc Nephrol 2004;15:241-50.

Torreggiani S, Castellan FS, Aksentijevich |, et al. Somatic mutations
in autoinflammatory and autoimmune disease. Nat Rev Rheumatol
2024;20:683-98.

Goulielmos GN, Zervou M, Vazgiourakis VM, et al. The genetics and
molecular pathogenesis of systemic lupus erythematosus (SLE) in
populations of different ancestry. Gene 2018;668:59-72.

Lee W-F, Fan W-L, Tseng M-H, et al. Characteristics and genetic
analysis of patients suspected with early-onset systemic lupus
erythematosus. Pediatr Rheumatol Online J 2022;20:68.

Sener S, Sag E, Han X, et al. Detection of genetic mutations
underlying early-onset systemic lupus erythematosus. Lupus (Los
Angel) 2024;33:998-1003.

Akbar L, Al-Mayouf SM. Monogenic Lupus Is a Construct:

Insights into the Current Nomenclature and Classification. IJCMB
2022;2:20-6.

Qin Y, Ma J, Vinuesa CG. Monogenic lupus: insights into disease
pathogenesis and therapeutic opportunities. Curr Opin Rheumatol
2024;36:191-200.

Goldbach-Mansky R, Alehashemi S, de Jesus AA. Emerging
concepts and treatments in autoinflammatory interferonopathies
and monogenic systemic lupus erythematosus. Nat Rev Rheumatol
2025;21:22-45.

Buso H, Adam E, Arkwright PD, et al. Hematopoietic Stem Cell
Transplantation for C1q Deficiency: A Study on Behalf of the EBMT
Inborn Errors Working Party. J Clin Immunol 2024;45:35.

Al-Mayouf SM, et al. Lupus Science & Medicine 2026;13:6001918. doi:10.1136/lupus-2025-001918

'salbojouyoal Jejiwis pue ‘Buluresy |y ‘Buiuiw elep pue 1xa) 01 parejal sasn 1o} Buipnjour ‘ybLAdod Ag pajoslold
"1senb Aq 920z aunr OT U0 wodfwg sndny/:sdny wolj papeojumod ‘920z Y. 8T U0 8TET00-5202-sndNn|/9eTT 0T Se paysiignd 1sil :8UIIpay 7 82us10S sndn


https://creativecommons.org/licenses/by-nc/4.0/
https://orcid.org/0000-0003-0142-6698
https://orcid.org/0000-0002-1180-8086
https://orcid.org/0000-0003-0504-0266
http://dx.doi.org/10.3390/jcm9030712
http://dx.doi.org/10.1038/s41467-021-21049-y
http://dx.doi.org/10.1002/art.43227
http://dx.doi.org/10.1097/BOR.0000000000001026
http://dx.doi.org/10.1097/BOR.0000000000001026
http://dx.doi.org/10.1007/s11926-021-00985-0
http://dx.doi.org/10.3389/fimmu.2025.1531675
http://dx.doi.org/10.3389/fimmu.2018.02496
http://dx.doi.org/10.1186/s12969-019-0349-y
http://dx.doi.org/10.1080/14397595.2021.1886627
http://dx.doi.org/10.1016/S2665-9913(19)30142-0
http://dx.doi.org/10.1016/S2665-9913(19)30142-0
http://dx.doi.org/10.1038/ng.975
http://dx.doi.org/10.5152/eurjheum.2020.20087
http://dx.doi.org/10.1136/ard.2010.141697
http://dx.doi.org/10.1007/s00109-016-1465-5
http://dx.doi.org/10.1007/s10067-022-06209-9
http://dx.doi.org/10.1002/art.22048
http://dx.doi.org/10.1097/01.asn.0000108969.21691.5d
http://dx.doi.org/10.1097/01.asn.0000108969.21691.5d
http://dx.doi.org/10.1038/s41584-024-01168-8
http://dx.doi.org/10.1016/j.gene.2018.05.041
http://dx.doi.org/10.1186/s12969-022-00722-6
http://dx.doi.org/10.1177/09612033241255011
http://dx.doi.org/10.1177/09612033241255011
http://dx.doi.org/10.35745/ijcmb2022v02.02.0002
http://dx.doi.org/10.1097/BOR.0000000000001008
http://dx.doi.org/10.1038/s41584-024-01184-8
http://dx.doi.org/10.1007/s10875-024-01819-1

	Genetic and phenotypic landscape of monogenic lupus: insights from an international cohort
	Abstract
	Introduction﻿﻿
	Materials and methods
	Participants
	Data collection
	Patient and public involvement
	Statistical analysis

	Results
	Clinical and laboratory manifestations
	Treatment and outcomes
	Molecular genetics
	Genotype and phenotype association

	Discussion
	Conclusion
	References


