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Abstract 

Background: Systemic lupus erythematosus (SLE) is rarely diagnosed before 5‑years‑old. Those with disease onset at 
a very young age are predicted by a higher genetic risk and a more severe phenotype. We performed whole‑exome 
sequencing to survey the genetic etiologies and clinical manifestations in patients fulfilling 2012 SLICC SLE classifica‑
tion criteria before the age of 5.

Case presentation: Among the 184 childhood‑onset SLE patients regularly followed in a tertiary medical center in 
Taiwan, 7 cases (3.8%) of which onset ≦ 5 years of age were identified for characteristic review and genetic analysis. 
Compared to those onset at elder age, cases onset before the age of 5 are more likely to suffer from proliferative 
glomerulonephritis, renal thrombotic microangiopathy, neuropsychiatric disorder and failure to thrive. Causative 
genetic etiologies were identified in 3. In addition to the abundance of autoantibodies, patient with homozygous 
TREX1 (c.292_293 ins A) mutation presented with chilblain‑like skin lesions, peripheral spasticity, endocrinopathy 
and experienced multiple invasive infections. Patient with SLC7A7 (c.625 + 1 G > A) mutation suffered from profound 
glomerulonephritis with full‑house glomerular deposits as well as hyperammonemia, metabolic acidosis and episodic 
conscious disturbance. Two other cases harbored variants in lupus associating genes C1s, C2, DNASE1 and DNASE1L3 
and another with CFHR4. Despite fulfilling the classification criteria for lupus, many of the patients required treatments 
beyond conventional therapy.

Conclusions: Genetic etiologies and lupus mimickers were found among a substantial proportion of patients sus‑
pected with early‑onset SLE. Detail clinical evaluation and genetic testing are important for tailored care and person‑
alized treatment.

Keywords: Systemic lupus erythematous, Childhood lupus, Lupus mimics, Genetic study, TREX1, SLC7A7

© The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/. The Creative Commons Public Domain Dedication waiver (http:// creat iveco 
mmons. org/ publi cdoma in/ zero/1. 0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

Introduction
Systemic lupus erythematosus (SLE) is a complex autoim-
mune disease with heterogenous clinical manifestations. 

Characterized by immune dysregulation and produc-
tion of autoantibodies against self-antigens, the disease 
can affect nearly any tissue or organ systems. To date, no 
diagnostic criteria for SLE is available [1]. To facilitate the 
suspicion of lupus and to compare between other auto-
immune disorders, SLE classification criteria were estab-
lished since 1972 and subsequently revised in 1982, 1997, 
2012 and 2019 for refinement [2]. As the diagnosis of SLE 
mostly depend on clinical and serological clues, diagnosis 
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of lupus can be challenging, especially among those with 
atypical manifestations and extreme phenotypes [1, 3].

Women of childbearing age are typically predisposed to 
developing SLE. Disease development before the age of 
5 is relatively uncommon [4]. According to a nationwide 
study in Taiwan, the prevalence of SLE under the age of 
5 was lower than 5/100,000 [5]. As genetic, hormonal 
and environmental factors are all known to contribute 
to disease development, through a large-scale multira-
cial SLE cohort study, Webb et al. found that the onset of 
lupus during childhood is predicted by a higher genetic 
risk and is associated with a more severe phenotype [6]. 
Moreover, considering the early-onset nature of “mono-
genic lupus” and some “SLE mimickers”, special atten-
tion and additional workup may be needed to assist the 
diagnosis of lupus in children before school age [7]. For 
decades, whole-exome sequencing (WES) and whole-
genome sequencing have assisted in the identification 
of lupus-mimickers and rare monogenic variants associ-
ated with SLE with high penetrance [8]. Recognition of 
causative mutations in patients with early-onset lupus 
or lupus-mimics may provide crucial insights into the 
pathogenesis and improve personalized treatment [9].

To explore the clinical manifestations and causative 
mutations in patients suspected with early-onset SLE 
(age ≦ 5 years old) and lupus mimics in Taiwan, WES was 
performed with special attention on genes potentially 
responsible for lupus [10, 11]. Patient’s clinical features 
and treatment responses were also carefully reviewed.

Patients and methods
Study subjects
Between Jan. 2012 to Dec. 2019, one hundred and eighty-
four childhood-onset SLE (cSLE) patients were regularly 
followed in the Pediatric Allergy, Asthma, and Rheuma-
tology department in Chang-Gung Memorial Hospital, 
a tertiary medical center in Taiwan. The average age of 
disease onset was 12.9 ± 2.8  years old and 164 of them 
are female (89.1%). Among them, 7 cases (3.8%) of which 
onset ≦ 5  years of age were identified for detail charac-
teristic review and genetic analysis. All cases fulfilled the 
2012 Systemic Lupus International Collaborating Clinics 
(SLICC) criteria for the diagnosis of SLE [12].

Genetic analysis
Genomic deoxyribonucleic acid (DNA) was isolated 
from peripheral venous blood samples. WES was per-
formed at Biotools (New Taipei city, Taiwan) using the 
Agilent SureSelect Human All Exon Kit 58 m (v6) (Agi-
lent Technologies, Inc. Santa Clara, United States) for 
exome capture and the NovaSeq 6000 platform (Illumina, 
San Diego, CA) for massively parallel sequencing. Raw 
image analyses and base calling were performed using 

Illumina’s Pipeline with default parameters. Sequence 
data were aligned to the reference human genome (hg38) 
using the Burrows-Wheeler Aligner, and duplicate reads 
were removed using Picard tools. Results revealed a 
mean depth of 62.34 times, and 98.38% of the targets 
were covered with at least 10 times of depths. We used 
the Genome Analysis Toolkit to perform realignment 
and variation (SNP and InDel) detection. Annovar was 
utilized to catalog the detected variations. Variations 
were filtered with a homo-polymer length > 6 (and syn-
onymous substitutions) or that were common (> 1%) in 
the Exome Aggregation Consortium database and the 
Genome Aggregation Database. Pathogenicity score was 
calculated using PolyPhen2, SIFT, DANN and CADD. 
Special attention was placed on the panel of reported 
genes associating lupus to identify possible causal muta-
tions [10, 11]. Sanger sequencing was performed to 
confirm the genetic variants from patient DNA and the 
parental DNA when the samples were available.

Case presentation
Seven cases including 4 female (57.1%) and 3 male 
(42.9%) were suspected with early-onset SLE (age of onset 
≦ 5 years old). None of the patients were of consanguine-
ous marriage and the age of disease onset ranged from 
20 to 60  months. Compared to the cSLE patients onset 
at elder age, cases fulfilling the SLE classification crite-
ria before the age of 5 are less female dominate (57.1% 
vs 90.4%), and more likely to suffer from proliferative 
glomerulonephritis (71.4% vs 56.5%), renal thrombotic 
microangiopathy (TMA) (28.6% vs 4.5%), neuropsy-
chiatric disorder (57.1% vs 11.3%), and failure to thrive 
(FTT) (42.9% vs 4.0%). Clinical manifestations and initial 
laboratorial findings of those suspected with early-onset 
SLE were summarized in Table 1. Patients with probable 
genetic etiologies were further discussed.

Case 1
Case 1 is a 20-month-old girl from a Taiwanese and Indo-
nesian joint family presented with acute onset of drowsi-
ness. On arrival, she was found with FTT, chilblain-like 
skin lesions and dystonic posturing with peripheral 
spasticity (Fig.  1A). Brain computed tomography imag-
ing demonstrated encephalopathy with leukodystrophy 
(Fig.  1B). Serial laboratory workup revealed thrombo-
cytopenia, hemolytic anemia, positive anti-nuclear anti-
body (ANA) and high titer of anti-extractable nuclear 
antibodies (anti-ENA), including anti-Smith antibody 
(anti-Sm), anti-ribonucleoprotein antibody (anti-RNP), 
anti-Ro antibody, anti-La antibody, anti-neutrophil cyto-
plasmic antibody (ANCA) and anti-phospholipid anti-
body (APL) (Table  1). The patient was initially treated 
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with low dose corticosteroids (~ 0.5 mg/kg/day) for pro-
gressing thrombocytopenia and hemolytic anemia, but 
quickly tapered off in a month due to limited response 
and aspiration pneumonia.

Because of her profound neurologic defects, chil-
blain-like skin rash and young age, WES and plasma 
interferon-α (IFN-α) was examined for type-1 interfer-
onopathy survey. Her genetic analysis revealed homozy-
gous TREX1 c.292_293 ins A; p.Cys99Met fs mutation. 
The reported allelic frequency (AF) in gnomAD is 0.007% 
and the pathogenicity scores were unavailable. Sanger 
sequencing of the patient and her parental DNA con-
firmed that the TREX1 variants were inherited from both 
of her parents. Level of her plasma IFN-α was signifi-
cantly higher than both of her parents and health control 
(53.56 v.s. 38.91, 37.17 and 35.74  pg/ml, respectively). 
Under the diagnosis of Aicardi-Goutières syndrome 
(AGS), Janus kinase (JAK) inhibitor was suggested as an 
alternative choice but rapidly discontinued due to high 
expenses and recurrent infectious episodes. Autoimmune 
thyroiditis with subclinical hypothyroidism, glaucoma 
and insulin-dependent diabetes mellitus were noted dur-
ing sequential follow-ups without steroid or immuno-
suppressants treatment. Despite careful care, the patient 
died at the age of 6 following multiple invasive infectious 
episodes, including recurrent aspiration pneumonia, 

Pseudomonas aeruginosa pneumonia, Salmonella sepsis 
and Klebsiella pneumonia pyelonephritis.

Case 2 and 3
In a nonconsanguineous family without documented 
family history of autoimmune diseases, 2 brothers 
sequentially fulfilled the 2012 SLICC SLE classifica-
tion criteria at the ages of 24 and 38  months. Upon 
initial evaluation, the elder brother (case 3) suffered 
from FTT and glomerulonephritis presenting with 
profound proteinuria (> 1,000  mg/m2/day, urine pro-
tein/creatinine ratio: 98,198  mg/gm) and hematu-
ria. Histopathological  examination of his renal biopsy 
revealed membranoproliferative glomerulonephri-
tis with strong IgG, IgA, IgM, C3 and C1q staining in 
diffuse pattern, compatible with lupus nephritis (LN) 
(Fig. 2B). Although his hemogram and clinical manifes-
tations were unremarkable, positive ANA, anti-double 
stranded DNA antibody (anti-dsDNA), anti-Sm, low 
complements and the renal histopathological findings 
raised the suspicion of cSLE. Steroid (~ 2  mg/kg/day) 
was initially given for treatment and gradually tapered 
off in 15  months. His younger brother had a much 
milder symptoms with transient proteinuria, lympho-
penia, thrombocytopenia, low C4 and positive autoan-
tibody profile (Table  1). Episodic hyperammonemia, 

Fig. 1 Clinical features and genetic analysis of Case 1. a Chilblain lupus erythematosus lesions over the ventral aspect of  4th toe and dorsal aspect 
of the index finger and thumb. b The spectrum of brain changes, including encephalopathy with leukodystrophy on brain computed tomography. 
c Sanger sequencing of identified alterations with whole exome sequencing of a patient and her parents. d The family pedigree of case 1 with the 
TREX1 mutation



Page 7 of 13Lee et al. Pediatric Rheumatology           (2022) 20:68  

metabolic acidosis and conscious disturbance were 
noted during follow ups.

Due to young age, family cluster, metabolic disruption 
and conscious disturbance, genetic study was arranged. 
Share splicing variant c.625 + 1 G > A was found in the 
SLC7A7 gene in both patients associating lysinuric pro-
tein intolerance (LPI), a rare metabolic disorder. The 
reported AF in gnomAD is 0.004% and the DANN and 
CADD pathogenicity score were 0.995 and 28, respec-
tively. Although only one variant was identified by exome 
sequencing, sequencing of patient cDNA revealed a skip-
ping of exon 4 compared to healthy controls for all tran-
scripts (Fig.  2C). Sanger sequencing was not performed 
on the deceased father and the mother was negative 
for SLC7A7 mutation (Fig.  2D). Instead of using immu-
nosuppressants, these brothers were recommended to 
consume a hypoproteinemic diet adapted for their age 
and receive citrulline as well as vitamin supplementa-
tion. Case 2 experienced scattered episodes of hyper-
ammonemia without serious conscious disturbance and 

the 2 brothers grew up smoothly without further immu-
nomodulatory medications.

Case 4
Case 4 is a 4-year-old girl with painless oral ulcera-
tion and swelling legs. Seizure with posterior revers-
ible encephalopathy syndrome  was also noted. Renal 
biopsy following progressing edema and elevation of 
serum creatinine revealed LN class IV and renal TMA. 
Prednisone, mycophenolate mofetil (MMF) and plasma 
exchange were prescribed for rapid progressive glo-
merulonephritis. WES was arranged for young age and 
TMA. Her genetic analysis revealed heterozygous muta-
tions in 3 different genes: C1s (c.G1241A; p.R414H; 
AF: 0.00478%; PolyPhen2: 0.096; DANN: 0.078), C2 
(c.C1558T; p.R520C; AF: 0.18%; PolyPhen2: 0.994; 
DANN: 0.999), and DNASE1 (c.G370A; p.E124K; AF: 
0.00521%; PolyPhen2: 0.687; DANN: 0.998). The patient 
is under relative stable condition under MMF and cyclo-
sporin treatment.

Fig. 2 Renal histology and genetic/complementary DNA analysis of Case 2 & 3. a In the genomic level, the G before the last nucleotide of 
the intron is mutated to A, causing the splicing site to shift. b Histopathological examination of a renal biopsy showed membranoproliferative 
glomerulonephritis. An immunofluorescence micrograph illustrating diffuse glomerular C3 deposition. c Complementary DNA (cDNA) analysis 
revealed a skipping of exon 4. The band on gel electrophoresis confirmed a shorter cDNA product from the patient. d The family pedigree of Case 2 
and 3 harboring heterozygous SLC7A7 mutations. The father of Case 2 and 3 deceased and the mother is negative for SLC7A7 mutation
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Case 5
Case 5 is a 4-year-old girl with a record of FTT. Fever, 
arthritis, discoid rashes and high titer of autoantibodies 
were also noted (Table 1). Renal biopsy following heavy 
proteinuria, hematologic changes and hypertension 
revealed LN class IV with TMA. She underwent a course 
of plasma exchange due to persistent proteinuria despite 
cyclophosphamide, steroid and cyclosporine treatment. 
WES was arranged for young age and TMA. While no 
genetic variants among the SLE associating genes were 
found, a heterozygous mutation in the CFHR4 gene 
(c.T103C; AF: 0.14%; PolyPhen2: 0.999; DANN: 0.952), 
was discovered. Deletions in the CFHR4 gene have been 
found in association with atypical hemolytic uremic syn-
drome (aHUS), a form of TMA. Our patient suffered 
from recurrent aHUS and required plasma exchange, 
steroid, MMF and cyclosporine for treatment. Three epi-
sodes of necrotizing pancreatitis with pancreatic pseudo-
cysts were noted 5 years after her diagnosis of SLE.

Case 6
Case 6 is a 5-year-old girl presented with nephrotic-range 
proteinuria (urine protein/creatinine ratio: 4,218  mg/
gm), malar rash, oral ulceration and arthritis. Her renal 
biopsy suggested class IV LN. A heterozygous mutation 
in DNASE1L3 (c.G764A; p.R255K; AF: 0.01%; PolyPhen2: 
0.001; DANN: 0.705) was evidenced in her targeted WES 
screening. Treatment with cyclophosphamide pulse ther-
apy, prednisolone, hydroxychloroquine and azathioprine 
lead to a complete remission of LN with improving pro-
teinuria (urine protein/creatinine ratio: 38 mg/gm).

Discussion
Clinical variation of SLE across different age groups 
existed in different populations [4, 13–17]. Utilizing 
the nationwide, population-based retrospective cohort, 
Chen et  al. revealed that juvenile-onset SLE patients 
(onset < 18  years of age) were at greatest risk of mortal-
ity likely due to higher disease severity in Taiwan [16]. 
Systemic review and meta-analysis study performed by 
Bundhun et  al. showed that renal inflammation, hema-
tological manifestations, seizure and ocular involvement 
were significantly higher among young SLE patients [18]. 
In America, Gomes found no differences in gender dis-
crepancy, nephritis, neuropsychiatric involvement and 
disease activity, but a higher frequency of fever, hepa-
tomegaly, splenomegaly and discoid lupus among the 
early-onset SLE patients (onset < 6  years of age) [15]. 
Data collected from Europe suggested that young chil-
dren with SLE have higher frequency of autoimmune 
family history, neuropsychiatric manifestations, nephri-
tis, hematological disorders and an increased risk of 
organ damages potentially contributed by the cumulative 

duration and dose of prednisone and immunosuppres-
sive medications [14, 17]. Similar but not limited to the 
reported findings, cases fulfilling the SLE classification 
criteria before the age of 5 in our cohort are less female 
dominate and more likely to suffer from proliferative 
glomerulonephritis, neuropsychiatric disorder as well as 
TMA and FTT. FTT is used to describe infant and child 
with weight below the fifth percentile for sex and cor-
rected age [19]. While inadequate caloric intake was its 
leading etiology, inflammatory conditions, inborn errors 
of metabolism and genetic defects can all attributed its 
presence. The hallmarks of TMAs are vascular throm-
boses, which lead to clinical signs of microangiopathic 
hemolysis, a decrease in platelet count and organ damage 
involving renal or neurological manifestations [20]. It is a 
form of endothelial injury that can occur in the kidneys 
of 1–4% LN patients and is associated with severe clinical 
manifestations and a high mortality rate [21, 21]. Plasma 
exchange and Eculizumab, a monoclonal antibody capa-
ble of inhibiting C5 activation was recommended for 
treatment of TMA secondary to SLE [20, 21, 23]. Con-
sidering the necessity of further evaluation and treatment 
adjustment in the presence of FTT and TMA, it is worth-
while to look for these manifestations in cases suspected 
with early-onset SLE.

Two children with early-onset SLE, fulfilling the Amer-
ican College of Rheumatology (ACR) criteria for SLE 
was reported by Hedrich et  al. with atypical manifesta-
tions including severe liver dysfunction, coagulopathy 
and protein loss enteropathy [4]. Through a large-scale 
multiracial SLE cohort study covering 1317 patients, 
Webb et al. discovered that the age of disease onset dur-
ing childhood is predicted by a higher genetic risk for 
lupus and is associated with a more severe phenotype 
[6]. Recently, Massias et al. hypothesized that the varia-
tions of clinical manifestation across different age groups 
may resulted from different mechanisms underlining 
SLE pathophysiology at different age [13]. The avail-
ability of next generation sequencing and the emerging 
evidence of genetic susceptibility in lupus over the last 
decade largely expanded our knowledge on the genetic 
basis of lupus [8]. Mutations in genes governing the 
pathways of complement cascade, immune tolerance, 
apoptosis, antigen clearance, type I interferonopathy, 
metabolism and more have been identified as genetic 
etiologies underling lupus [10, 11, 24, 25]. Recently, 
Tirosh et  al. reported that causative monogenic muta-
tions were identified in 4 out of 15 newly diagnosed cSLE 
patients in 5 different genes: C1QC, SLC7A7, MAN2B1, 
PTEN and STAT1 [11]. Analyzed 39 children with lupus 
manifestations associated with primary immunodefi-
ciency diseases (PIDs), Al-Mayouf et  al. discovered that 
complement deficiency was the most frequent PIDs 
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associating lupus-like manifestations. Genetic defects in 
PNP, PIK3CD, STAT1, ISG15, IL2RB, GS3, DNASE2 and 
genes associating chronic granulomatous disease were 
found among 7 of the 25 patients who underwent geneti-
cal testing [25]. Screening through 117 cSLE patients ful-
filling the ACR criteria for SLE, Belot et al. reported that 
the mendelian genotypes involving variants in C1QA, 
C1QC, C2, DNASE1L3, and IKZF1 were confirmed in 8 
patients, while 7 additional cases harbored heterozygous 
variants in complement or type I interferon-associated 
autosomal recessive genes. Rare variants which were pre-
dicted to be damaging were significantly enriched in the 
cSLE cohort compared with controls [10]. In the present 
study, causative genetic etiologies TREX1 and SLC7A7 
were identified in 3 out of 7 patients (42.9%). Rare and 
potentially damaging variants C1s, C2, DNASE, DNA-
SE1L3 and CFHR4 were found in the other 3 (42.9%). 
Although monogenic lupus and lupus mimics were not 
exclusive for cases with early-onset disease, considering 
the high prevalence of causative genetic etiologies among 
the childhood population, detail clinical evaluation and 
genetic testing is recommended to help clarify the under-
ling pathogenesis and predict disease course.

Abnormalities in the intracellular nucleic acid sensing 
machinery TREX1 and other critical players including 
RNASEH2A,  RNASEH2B,  RNASEH2C,  SAMHD1,  ADA
R1 and IFIH1 causes AGS, a monogenic interferonopa-
thy [26, 27]. Due to the importance of type 1 interferon 
(IFN) in systemic autoimmune diseases, many overlap-
ping clinical and laboratorial presentation were noted 
between patients with AGS and SLE. Genetic variant 
in TREX1 gene is the causative mutation for Case 1. It 
encodes a 3’ repair exonuclease that guards DNA synthe-
sis, and loss of function can lead to an accumulation of 
endogenous DNA and increased expression of IFN [28, 
29]. Individuals with microcephaly or  TREX1-related 
AGS, such as Case 1, were the most severely affected 
and less likely to achieve normal developmental mile-
stone [26]. Although less discussed, besides the profound 
neurologic defects and presence of various autoantibod-
ies, manifestations of congenital glaucoma [30], hepatic 
inflammation [31], endocrinopathies [32] and suscepti-
ble to infections [33] of Case 1 are also likely attributed 
to TREX1 mutation. Worthwhile to mention, while the 
clinical features of heterozygous TREX1 mutations have 
been described in patients with lupus [34, 35], the identi-
fication of homozygous TREX1 (c.292_293 ins A) in SLE 
was reported for the first time. Comparing the age of dis-
ease onset in SLE mimics with monoallelic TREX1 vari-
ants, the lupus phenotype appeared much earlier in Case 
1 (20  month vs. 14 ~ 50  years old) [35]. Recently, JAK 
inhibitors including Ruxolitinib and Baricitinib have been 
reported to not only control AGS related skin lesions but 

neurologic function even in cases with severe and long-
standing disease [36–38]. Other developing regimens, 
including interferon-α/β receptor blockade, IFN-α tar-
geting, reverse-transcriptase inhibitors and stimulator of 
interferon genes (STING) antagonist  also provide vari-
ous degree of benefits as these medications suppress IFN 
signaling [39–44]. As targeted therapy became available, 
clinical suspicion and genetic testing for AGS is espe-
cially important for patients presenting with early-onset 
lupus mimic disease.

SLC7A7 gene encoded a subunit of the cationic amino 
acid transporter found in epithelial cell membranes. 
Mutations in this gene causes LPI, a rare recessive dis-
order characterized by FTT, growth retardation, mus-
cle hypotonia and hepatosplenomegaly [45]. Mostly 
appeared after weaning of breastmilk, clinical manifesta-
tions of LPI can be widely variable resembling the find-
ings in urea cycle disorders such as hyperammonemia 
[46]. Overlapping manifestation of LPI and SLE has been 
reported in several case series [11, 46]. Renal involve-
ment is a frequent and progressive complication in LPI. 
In a cohort of 39 LPI patients, 74% of the patients had 
proteinuria and 38% had hematuria [47]. Heterogeneous 
renal histological findings ranging from tubulointestinal 
disorder to distinct glomerulonephritis with polyclonal 
immunoglobulin deposition has been reported [47, 48]. 
Carefully reviewed by Contreras et  al., the incidence of 
other LPI associating manifestations including FTT, met-
abolic disorder, neurologic symptoms and hepatospleno-
megaly in Case 2 and 3 corresponded to 52%, 52%, 25% 
and 43% of all cases with LPI, respectively [46]. While 
recessive disorder requires homozygous SLC7A7 defects 
to become phenotypic, the clinical phenotypes, pres-
ence of hyperammonemia, segregation analysis and the 
complete skipping of exon 4 revealed by complemen-
tary DNA analysis of Case 2 and 3 suggested a diagnosis 
of LPI. It is hypothesized that an undetected large dele-
tion or compound heterozygous mutation existed in the 
corresponding allele, leading to the LPI and lupus phe-
notype. Instead of aggressive immunosuppressant treat-
ment, administration of arginine and nitrogen scavenger 
drugs such as sodium benzoate and sodium phenylpyru-
vate to lower the level of ammonia and a low-protein 
diet with oral supplementation of citrulline and carnitine 
kept the 2 brothers under a relative stable disease status. 
In fact, dietary adjustment and nitrogen scavenger drugs 
are recommended as the mainstays of long-term therapy 
[49]. Identification of LPI, a lupus mimicker, from clas-
sical lupus thoroughly explained the atypical metabolic 
and neurological presentations among Case 2 and 3 and 
limited the use of unnecessary immunosuppressants. 
Moreover, the genetic data provided physicians with a 
better understanding on how the disease would progress. 
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Potential complications including renal, hematological, 
skeletal, and gastrointestinal features will be closely mon-
itored [49].

Rare and potentially pathogenic variants in the lupus 
associating genes C1s, C2, DNASE1 and DNASE1L3 as 
well as CFHR4 were discovered in Cases 4–6 diagnosed 
with early-onset SLE in the present series. Homozygous 
deficiencies of early components within the complement 
cascades are among the strongest genetic risk factors 
for SLE in human [50]. SLE patient with C1s mutations 
has been reported with discoid rash, generalized sei-
zure, autoimmune thyroiditis, autoimmune hepatitis 
and diffuse proliferative glomerulonephritis with full 
house deposition of glomerular immunofluorescence in 
their kidney biopsy consistent with LN [50–52]. Arthri-
tis, mucocutaneous lesions, hematologic disorder and 
renal manifestations were documented among patients 
with C2 mutations [53–55]. DNASE1 mutation is associ-
ated with high titer of ANA, anti-dsDNA, anti-histones, 
anti-Ro and immune mediated glomerulonephritis [56]. 
Interestingly, although the direct contribution of these 
mutations in Case 4 presenting with various autoan-
tibodies, proliferative LN and seizure associating pos-
terior reversible encephalopathy syndrome remain 
unknown, reduced plasma DNase1 activity have recently 
been shown to cause the persistence of pro-thrombotic 
neutrophil extracellular traps, promote microvascular 
thrombosis and contribute the development of TMA 
[57]. Patients with DNASE1L3 mutations are prone for 
LN, high titer of ANA, APL, ANCA and low complement 
similar to Case 6 [58]. CFHR4 encodes one of the 5 com-
plement factor H-related proteins and is linked to aHUS, 
a  life threatening TMA characterized by dysregulation 
of the alternative pathway of complement [59].  While 
aHUS rarely causes acute pancreatitis and the associa-
tion between these two diseases remain unclear, several 
reports revealed an episode of acute pancreatitis preced-
ing TMA in cases with or without TMA related muta-
tions [60–62]. Together, although the direct impact of 
these variants in disease manifestation requires further 
clarification, the accumulation of rare variants predicted-
damaging variants in SLE-associated genes may contrib-
ute to disease expression and clinical heterogeneity [10].

Considering the prevalence and the severity of pro-
liferative glomerulonephritis, TMA and neuropsy-
chiatric disorder in cases suspected with early-onset 
SLE, identification of genetic variants associating 
these phenotypes may be as important as surveying 
for lupus associating mutations in young children 
with lupus-like manifestations. CNS manifestations 
of SLE expanded widely from nonspecific symptoms 
including headache, cognitive impairment to devastat-
ing features such as memory loss, seizures and stroke 

[63]. As previously reviewed, only handful of genetic 
variations were associated with neuropsychiatric symp-
toms in lupus [63, 64]. The HLA-DRB1Ã04 genotype 
and STAT4 rs10181656 were associated with stroke in 
SLE independent of the status of APL [65, 66]. Rare 
single-nucleotide polymorphisms (SNPs) and muta-
tions in TREX1, have been reported in SLE cases with 
neurological manifestations, especially seizures and 
neuropsychiatric lupus [35, 66, 67]. The cumulative 
effect of having 10 or more SNPs in the HLADRB1, 
IRF5, STAT4, BLK, TNFAIP3, TNIP1, FCGR2B and 
TNFSF13 genes have also been shown to increase the 
risk of developing neurological manifestations by two-
fold [68]. Changes in mental status were noted in 3 of 
the 7 patients in the present series. While delirium, 
depression, dementia, and coma can all result in men-
tal status alteration, TREX1 associated encephalopathy 
affecting the ascending reticular activating system and 
LPI related hyperammonemia and metabolic acidosis 
possibly attributed to their neuropsychiatric presenta-
tion. Proliferative glomerulonephritis can lead to end-
stage kidney disease and usually requires aggressive 
treatment with immunosuppressants [69]. Recently, 
around 60 different disease susceptibility genes associ-
ated with LN were classified according to the pathways 
they’re involved [70]. Take BLK mutation for example, 
being a src family non-receptor tyrosine kinase mainly 
expressed by B-cells, BLK mutations in LN not only 
interrupt one’s adaptive immune signaling, but provide 
a rational for the application of B cell targeting regi-
men in the control of LN [70]. DNASE1 mutation in 
Case 4 alters program cell death and TREX1 mutation 
in Case 1 mainly affects the innate immunity. Despite 
the notion of its potential functionality, no pathway-
specific therapeutic strategies, however, were recom-
mended for LN related to these mutations. Finally, 
genetic mutations including CFH, CFI, CFB, C3, THBD, 
PLG, MCP, ADAMTS13, MMACHC and DGKE have 
recently been reported to result in TMA [20, 23, 71]. 
Spotting a genetic variant in the TMA associating 
genes by physician should raise the awareness of TMA 
in patients suspected with early-onset lupus.

During the past decades, treatment for SLE has 
moved from corticosteroids alone to a combination of 
disease-modifying antirheumatic drugs, immunosup-
pressants and biologics. A treat-to-target strategy was 
recently proposed for lupus, leading to individualized, 
patient-tailored regimens with multitargeted therapies 
[9, 72]. With rapid expansion of treatment options, 
early identification of patients with lupus mimics and 
those with causative mutations from sporadic lupus is 
necessary for precise and tailored treatment. Recently, 
it is proposed that genetic testing are recommended 
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for those with disease onset at a young age; severe, 
life-threatening or organ-threatening presentation; 
aggressive disease course, rapid deterioration and/
or accumulation of organ damage; and poor response 
to standard treatment [11]. Due to the rarity of early-
onset SLE, we are unable to enroll large enough case 
number in the study to reflect the clinical significance 
of individualized treatment. International and multi-
central collaboration is needed to better address the 
issue. In the coming era of precision medicine, patients 
with SLE will likely be stratified by their immunophe-
notypes or their genetics as technology advances [9, 
72]. Revealing the molecular genetic diagnosis of SLE, 
especially among those early-onset cases, can promote 
personalized medical care with targeted therapies and 
monitoring.

Conclusions
Genetic etiologies and lupus mimickers were found 
among a substantial proportion of patients suspected 
with early-onset SLE. Detail clinical evaluation and 
genetic testing are important to predict disease course, 
organ damages and refine the therapeutic options for 
pathology-based precision medicine.
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Mycophenolic acid; PID: Primary immunodeficiency; SLE: Systemic lupus 
erythematosus; SLICC: Systemic Lupus International Collaborating Clinics; SNP: 
Single nucleotide polymorphism; TMA: Thrombotic microangiopathy; WES: 
Whole‑exome sequencing.
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