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Purpose of review

This manuscript provides an update on clinical and pathophysiological features of juvenile-onset systemic
lupus erythematosis (jSLE), challenges applying adult-derived classification criteria, and recent advances in
treatment and care.

Recent findings

Significant scientific advances have improved the understanding of genetic factors (both genetic causes
and risk alleles) and associated phenotypic features. Panels of urine/blood biomarker candidates aid in
diagnosing jSLE, monitoring disease activity and predicting treatment response. Available classification
criteria have been extensively assessed, with differences in clinical and immunological phenotypes of
patients across age groups and ethnicities affecting their performance in jSLE. Therapeutic options remain
limited and are based on protocols for adult-onset SLE patients. International efforts to inform development
of a treat-to-target (T2T) approach for jSLE have yielded cohort-level evidence that target attainment reduces
the risk of severe flare and new damage, and treatment compliance.

Summary

Recent studies have significantly improved our understanding of jSLE pathogenesis, highlighting important
differences between jSLE and adult SLE, and providing the basis of biomarker development and target-
directed individualized treatment and care. Future work focused on development of a T2T approach in jSLE
is eagerly awaited.
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INTRODUCTION

Systemic lupus erythematosus (SLE) is a severe mul-
tiorgan autoimmune/inflammatory disease charac-
terized by phases of remission and recurrence [1].
Clinical manifestations and prognosis vary between
individuals, sexes, ethnicities and age groups
[2,3,4

&

,5]. Juvenile-onset SLE (jSLE) accounts for
up to 20% of SLE patients and is usually defined
by symptomonset before age 16 years, although cut-
offs vary across the literature from 14 to 20 years [6].
When compared with adult-onset disease (aSLE),
jSLE patients exhibit more acute and aggressive
clinical presentations and disease courses that con-
tribute to strikingly higher adjusted mortality rates
[7,8]. Children and young people with SLE display
higher incidences of renal and neurological involve-
ment, increased need for immune-modulating treat-
ment, including corticosteroids that may result in
toxicity and side-effects [6,9].

This manuscript provides a focused update on
clinical and pathophysiological features of jSLE,
challenges applying classification criteria developed
for aSLE patients in children, and existing and future
therapeutic options for jSLE.
rs Kluwer Health, Inc. All rights rese
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EPIDEMIOLOGY

In aSLE cohorts, peak disease-onset ranges between
37 and 50years with significant over-representation
of women (9–10 : 1, F:M) [10]. Among jSLE patients,
peak disease-onset ranges between 12 and 14years.
Onset before age 6 is extraordinarily rare and some-
times referred to as ‘early-onset’ jSLE. Notably, sex
distribution differs from aSLE patients and even
varies within jSLE. In the small group, ‘early-onset’
jSLE (<6 years of age), both sexes are affected equally
(1 : 1). Female predominance develops in school-age
and peripubertal children (4–5 : 1) with aSLE typical
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KEY POINTS

� Our understanding of genetic factors, including single
gene disorders and common variants that predispose to
jSLE has significantly improved.

� Urine and blood biomarker candidates promise
increased sensitivity and specificity for diagnosis,
monitoring and predicting treatment response in jSLE.

� Differences in clinical and immunological phenotypes
of patients across age groups affects the performance
of classification criteria in jSLE; therefore, such criteria
should not be ‘misused’ as diagnostic criteria,
particularly as patients with monogenic disease may
be missed.

� Although jSLE therapeutic options are largely
extrapolated from aSLE treatment protocols, recent
‘real-world’ jSLE cohorts have provided important
insights into the efficacy and safety of
existing treatments.

� Cohort-level evidence supports the development of a
treat-to-target approach for jSLE, and international
efforts are gathering momentum.

Immunopathogenesis and treatment of autoimmune diseases
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distribution (9–10 : 1) after puberty [2,4
&

,5,11,12].
Reports primarily from aSLE patient cohorts report
SLE prevalence between 20 and 150 per 100000
individuals [13]. Significant variation between geo-
graphic regions relates to differences in ethnical
composition of populations and, to a smaller extent,
access to specialized healthcare [13]. Incidence and
prevalence of SLE are particularly high among black
African/Caribbean, Asian andHispanic populations,
which is associated with earlier disease-onset and
more aggressive disease when compared with white
Caucasians [14].
PATHOPHYSIOLOGY

The molecular pathophysiology of SLE is complex
and remains incompletely understood. Because of
recent significant scientific advances, the contribu-
tion of genetic factors to SLE has been established.
However, across age-groups, only 1–3% of SLE
patients exhibit mutations in single genes that suf-
ficiently explain disease expression [1,2]. Most
patients carry variants that predispose to SLE but
are not strong enough to, by themselves, cause
disease. This and the observation that concordance
rates for the development of SLE among genetically
identical monozygotic twins range between 20 and
40% [15] argue for additional, likely acquired and
environmentally triggered events to be involved in
the pathophysiology [16–19].
2 www.co-rheumatology.com
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Mirroring differences in disease expression,
treatment response and outcomes, the contribution
of genetic factors varies between age groups. Nota-
bly, especially rare mutations in genes associated
with the expression of type I interferons (T1IFN)
have been associated with SLE (Table 1). ‘Primary
type I interferonopathies’ are caused by mutations
in genes associated with the detection and removal
of cytoplasmic nucleic acids, an antiviral innate
immune mechanism. ‘Secondary type I interferono-
pathies’ result in increased expression of T1IFN as a
result of, for example, the accumulation of immune
complexes in patients with complement deficiencies
[2,5,11,20]. Thus, primary type I interferonopathies
are characterized by chronically elevated T1IFN
expression and associated pathological T1IFN signa-
tures, while secondary interferonopathies may
exhibit varying gene expression which may result
in ‘normal’ results [20,21

&

].
Using a panel sequencing protocol, we investi-

gated genetic factors in a large national cohort of
jSLE patients in the UK (n¼348) and identified rare
damaging mutations in approximately 3.5% of
patients. Notably, in 75% of jSLE patients with gene
variants sufficiently explaining disease, identified
mutations affected T1IFN-associated genes [11].
Though panel sequencing likely missed individual
patients with ‘genetic SLE’, the proportion of genet-
ically determined SLE-like disease was above the
previously suggested 1–3% across age groups [1].

Antibody patterns, organ involvement and dis-
ease activity vary between age groups, even within
the jSLE cohort [4

&

]. At diagnosis, clinical pheno-
types within the pediatric age group associate with
less ‘classical’ autoantibody patterns (less ANA and
ds-DNA positivity), and young jSLE patients (prepu-
bertal;<7years) exhibit reduced antibody-mediated
disease, including renal and hematological involve-
ment [4

&

]. ‘Older’ children (postpubertal; >13years)
present more ‘classical’ serologic and clinical man-
ifestations. However, phenotypes change over time
and are comparable at last visit, suggesting that early
and correct diagnosis and treatment may prevent
disease progression and damage [4

&

].
Because serologic and phenotypic differences

may likely be related to variable pathomechanisms,
comparison of ‘genetic jSLE’ patients with the
remaining cohort of the aforementioned panel
sequencing exercise was performed and revealed
earlier disease-onset, lower disease activity (at diag-
nosis) and antibody positivity in ‘genetic SLE’
patients [22

&&

]. Notably, patients with ‘genetic
SLE’ develop neuropsychiatric involvement over
time, resulting in higher disease activity at last visit.
This adds weight to the hypothesis that pathome-
chanistic factors determine treatment response and
Volume 34 � Number 00 � Month 2022
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outcomes and underscores that routine reporting of
genetic factors in jSLE may allow for patient strat-
ification, individualized care, and improved out-
comes Table 1.

Although the identification of genetic causes of
SLE improved the understanding of disease patho-
physiology, the overwhelming majority of SLE
patients, including the pediatric age-group, do not
carry gene mutations that sufficiently explain dis-
ease [5]. In these patients, a combination of genetic
and acquired factors result in immune dysregula-
tion, systemic inflammation, and tissue damage [2].
Notably, the balance between genetic and environ-
mental factors may vary between age groups and
affect disease phenotypes and severity. Preliminary
data suggest that children, when compared with
adults, but also black African/Caribbean when com-
pared with white Caucasian patients, carry a higher
Table 1. Rare gene mutations associated with systemic lupus ery

Gene Immunological pathway

Primary type I
interferonopathies

ACP5 Cytoplasmatic nucleic acid

ADAR Cytoplasmatic nucleic acid

DNASE1 Cytoplasmatic nucleic acid

IFIH1 Cytoplasmatic nucleic acid

RNASEH2A,
RNASEH2B,
RNASEH2C,

Cytoplasmatic nucleic acid

SAMHD1, Cytoplasmatic nucleic acid

TMEM173 Cytoplasmatic nucleic acid

TREX1 Cytoplasmatic nucleic acid

Secondary type I
interferonopathies

C1QA, Immune complex processing

C1QB Immune complex processing

C1QC Immune complex processing

C1R, C1S Immune complex processing

C2 Immune complex processing

C3 Immune complex processing

C4A Immune complex processing

C4B Immune complex processing

DNASE1L3 Extracellular (plasmatic) chr

PEPD Immune complex processing

Others FAS Apoptosis

FASL Apoptosis

PRKCD Lymphoproliferation

TNFRSF6 Apoptosis

The list of gene mutations is constantly growing and, therefore, those included within
AGS, Aicardi--Goutieres syndrome; ALPS, autoimmune lymphoproliferative syndrom
onset in infancy; SLE, systemic lupus erythematosus; SPENCD, spondyloenchondrod
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number of common disease-associated variants, so-
called ‘risk alleles’ [34], which may explain differ-
ences in disease severity, organ involvement and
antibody patterns [4

&

].
Although first identified as a hallmark of pre-

viously discussed type I interferonopathies, T1IFN
signatures can also be increased in more common
‘classical’ SLE [35,36]. Type 1 IFN expression can be
increased as the result of tissue damage, the associ-
ated release of intracellular/nuclear components,
accumulation of immune complexes and their
detection by Toll-like receptors TLR-3, TLR-7 and
TLR-9 [11,20]. Notably, increased pathological cell
death, altered clearance of cellular debris, particu-
larly nuclear components, and/or the presence of
chromatin containing neutrophil extracellular traps
(NETs) are hallmarks of SLE [1] that result in the
enhanced expression of T1IFN and the generation
thematosus

affected
Associated
phenotypes References

detection and processing SPENCD [23]

detection and processing AGS [24]

detection and processing AGS, FChLE [25]

detection and processing AGS [26]

detection and processing AGS, FChLE [25]

detection and processing AGS, FChLE [25]

detection and processing SAVI [25]

detection and processing AGS, FChLE [25]

and removal SLE [27]

and removal SLE [28]

and removal SLE [29]

and removal SLE [30]

and removal SLE [31]

and removal SLE [32]

and removal SLE [33]

and removal SLE [32]

omatin processing SLE [21&,25]

and removal SLE [26]

ALPS [26]

ALPS [26]

SLE, ALPS [2]

ALPS [2]

the table may be incomplete.
e; FChLE, familial chilblain lupus; SAVI, STING-associated vasculopathy with
ysplasia.
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FIGURE 1. Type I interferon expression in systemic lupus erythematosus. Modified from [20]. (a) Rare mutations in TREX1
cause familial chilblain lupus (FChLE) or Aicardi Goutieres syndrome (AGS). Loss-of-function mutations in TREX1, encoding for
the exonuclease TREX1, result in increased amounts of cytoplasmic nucleic acids, activating the STING-dependent intracellular
nucleotide sensing machinery and increased type I interferon expression. Gain-of-function mutations in TMEM173, encoding
for STING cause chronic type I interferon expression and the clinical picture of STING-associated vasculitis with infantile onset
(SAVI). Loss-of-function mutations in RNAse2 subunits (RNASEH2A, (b and c) cause AGS and FChLE. Gain-of-function
mutations in IFIH1, encoding for the RNA-sensing molecule MDA5, cause increased type I interferon expression associated
with AGS. (b) Several extracellular mechanisms increase type I interferon expression. Increased apoptosis and neutrophilic
NET formation release nuclear components including chromatin into tissues and the blood stream. When overwhelming the
clearance system or in situations with reduced chromatin removal (e.g. DNASE1L3 deficiency), this results in increased (auto-)
antibody production and the generation of immune complexes. Immune complex removal depends on complement activation,
and SLE-associated complement deficiencies contribute to their deposition in tissues and resulting inflammation, among other
mechanisms, through activation of TLR3, TLR7 or TLR9, feeding into type I interferon pathways. (c) Type I interferon receptors
are expressed on cells of the innate and adaptive immune system, and nonimmune cells. Bc, B cell; IFN, type I interferon; M,
macrophage/monocyte; NK, natural killer cell; Tc, T cell; TLR, Toll-like receptor.
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and activation of autoreactive B lymphocytes/
plasma cells that produce autoantibodies that
amplify inflammation and damage [1,2,20] (Fig. 1
[20]). Indeed, pathologically altered B-cell homeo-
stasis and increased numbers of short-lived plasma
cells and plasma blasts have been described in both
4 www.co-rheumatology.com
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aSLE [37,38] and jSLE patients during disease flares
[39] and exhibit transcriptional profiles favoring
T1IFN expression [40,41].

Increased differentiation and activation of effec-
tor T cells are a key element contributing to inflam-
mation and damage. Several mechanisms involved
Volume 34 � Number 00 � Month 2022
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FIGURE 2. Molecular mechanisms of cytokine dysregulation in T cells of systemic lupus erythematosus patients. Modified from
[51]. Selection of mechanisms involved in effector T-cell phenotypes in SLE. Increased activation of the calcium-flux dependent
protein kinase CaMKIV enhances the phosphorylation, nuclear translocation and chromatin recruitment of the transcription
factor CREMa [53]. Phosphatase PP2A expression is increased in T cells from patients with SLE where it promotes effector T
cells through several mechanisms, including dephosphorylation of the transcription factor CREB, an ‘antagonist’ of CREMa.
Balanced expression and activation (phosphorylation) or CREB and CREMa regulate the expression of the immune regulatory
cytokine IL-2 [18,47,48]. Dysbalance towards CREMa results in trans-repression of the IL2 proximal promoter and epigenetic
remodeling through co-recruitment of the histone methyltransferase G9a and DNA methyltransferase DNMT3A resulting in
stable transcriptional silencing. Comparable mechanisms down-regulate CD8 during the generation of effector
CD3þTCRþCD4-CD8- T cells from CD8þ T cells in SLE [55,56]. Furthermore, increased CREMa contributes to increased
expression of IL-17A in CD4þ T cells from SLE patients through mediated trans-activation and epigenetic opening’ through co-
recruitment of the histone acetyltransferase p300 [16,49]. Lastly, the protein phosphatase DUSP4 is increased in T cells from
SLE patients. DUSP4 alters the balance between the transcription factors pSTAT3 and pSTAT5 through de-phosphorylation of
pSTAT5. This favors IL-17A expressing effector T cells while reducing IL-2 expression [45]. Notably, CREMa regulates DUSP4
through co-recruitment of p300 resulting in epigenetic ‘‘opening’. At the IL10 gene, pSTAT3 co-recruits p300 resulting in
epigenetic opening and trans-activation [57].
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in the increased generation of effector T-cell phe-
notypes, the associated increased expression of pro-
inflammatory (IL-17A and IL-23) and reduced
expression of immune-regulatory cytokines (IL-2)
[16] have been identified. Among thesemechanisms
are the altered activation of protein kinases, phos-
phatases [42–46] and transcription factors [16,45,
47–50] (Fig. 2 [51]). SLE-associated pro-inflamma-
tory cytokine expression promotes chemotaxis of
immune cells to inflamed tissues, the differentiation
and activation of effector T cells, and the generation
and amplification of tissue damage [1,16,52,53].
Deficient IL-2 production is a hallmark of T cells
in SLE that centrally contributes to the reduced
numbers and function of regulatory T cells [54],
1040-8711 Copyright © 2022 Wolters Kluwer Health, Inc. All rights rese
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the amplification of inflammation, and the develop-
ment of the secondary immune deficiency associ-
ated with SLE [17,52].
CLASSIFICATION CRITERIA AND WHY
THEY SHOULD NOT BE USED FOR
DIAGNOSIS

Classification criteria are important tools to define
homogenous groups for clinical trials. Shared crite-
ria between aSLE and JSLE are essential to avoid
exclusion of jSLE patients. Three main classification
criteria are in widespread use: American College of
Rheumatology (ACR) criteria published in 1982 and
updated in 1997 (ACR-1997) [58]; Systemic Lupus
rved. www.co-rheumatology.com 5
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International Collaborating Clinics (SLICC) group
criteria developed in 2012 (SLICC-2012) in response
to concerns that ACR-1997 criteria were of limited
use in early or evolving SLE, lupus nephritis or
neurological disease [59]; and, most recently, Euro-
pean League against Rheumatism (EULAR) and
ACR criteria published in 2019 (EULAR/ACR-2019)
[60].

A number of studies aimed to compare sensitiv-
ity and specificity of EULAR/ACR-2019 with SLICC-
2012 and ACR-1997 criteria in paediatric cohorts
[61–63]. Overall, SLICC-2012 and EULAR/ACR-2019
perform better than the ACR-1997 criteria with
higher specificity and similar sensitivity [61,64].
However, all these are adult-derived classification
criteria and, therefore, have limitations because of
the aforementioned important differences in path-
omechanisms, immunology and clinical presenta-
tions between age groups.

A stronger genetic predisposition and more fre-
quent monogenic disease may lead to different clin-
ical phenotypes with less autoantibody positivity,
renal and haematological involvement in patients
with genetic’ SLE [22

&&

]. A recent study found the
sensitivity of EULAR/ACR-2019 to be 89.8% inmon-
ogenic lupus compared with 98.2% in ‘sporadic’
jSLE [65]. However, when used correctly for the
definition of study populations and not to diagnose
patients, lower sensitivity may not be disadvanta-
geous. As understanding of pathomechanisms con-
tinue to improve, genetic disease may in future no
longer be defined as SLE [2]. For instance, ANA as a
mandatory entry criterion to the EULAR/ACR-2019
criteria may exclude ‘genetic’ SLE that dispropor-
tionately affects patients with early-onset disease
who also have higher frequency of ANA negativity
[4

&

]. Indeed, we demonstrated a significantly lower
proportion of prepubertal (<8years) patients met
EULAR/ACR-2019 whilst there was no difference
seen with SLICC-2012 or ACR-1997 criteria [66

&

].
Differences in clinical and immunological phe-

notypes across age groups and ethnicities may also
affect the performance of classification criteria.
Mucocutaneous and neuropsychiatric involvement
are more frequent in jSLE when compared with
aSLE, and both domains were revised in EULAR/
ACR-2019 criteria to exclude some of the expanded
criteria in SLICC-2012. Two studies suggested SLE
patients with mucocutaneous involvement to be
better classified by SLICC-2012 whilst data for
patients with neuropsychiatric involvement is lack-
ing [67,68]. Limited inclusion of patients of non-
Caucasian background, particularly black patients,
must be considered when applying classification
criteria in these patient groups because of ethnic-
ity-related phenotypic differences [3,69–74].
6 www.co-rheumatology.com
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Acknowledging recognized limitations, in the
view of the authors, for the paediatric population
SLICC-2012 and EULAR/ACR-2019 are the best avail-
able classification criteria. However, criteria should
notbe ‘misused’ asdiagnostic criteria, aspatientsmay
be missed. This is caused by the prioritization of
specificity over sensitivity during the development
of classification criteria that can lead to missing
important patient groups if incorrectly used as diag-
nostic criteria. Careful consideration of potential
differential diagnoses is important in patients who
would otherwise fulfil classification criteria, particu-
larly in the context of adult-derived criteria where
there are important differences in mimicker groups
used as controls in the derivation studies [66

&

].
TREATMENT OF JUVENILE-ONSET
SYSTEMIC LUPUS ERYTHEMATOSUS

The therapeutic armamentarium for jSLE remains
limited and largely extrapolated from adult-focused
treatment protocols. Only one biologic has been
approved by international regulating bodies [Food
and Drug Administration (FDA), European Medi-
cines Agency (EMA)] for use in jSLE, the human
IgG1l monoclonal antibody belimumab that inac-
tivates soluble human B lymphocyte stimulator
protein (BlyS) [75]. Another anti-B-cell agent, the
CD20-directed antibody rituximab [76–80], is fre-
quently used ‘off-label’ in otherwise treatment
refractory cases. There have been no new random-
ized controlled trials (RCTs) for jSLE over the past
years, but several studies investigated the efficacy
and safety of existing treatments, describing the use
of immunomodulatory therapies in jSLE cohorts,
and exploring treatment adherence.
Belimumab

Brunner et al. accessed existing trial datasets (PLUTO
[75], BLISS-52 [81], BLISS-76 [82], BLISS-NEA [83]
and EMBRACE [84]) to assess the efficacy and safety
of belimumab in jSLE versus aSLE patients. Addi-
tional safety data from the adult LBSL02 (phase II)
and BLISS-SC (phase III) trials [85,86] were included.
Overall, SLE Responder Index (SRI)-4 response rates
for belimumab versus placebo were similar in jSLE
and aSLE. Across studies, Belimumab response rates
were consistently better in patients with baseline
SELENA-SLEDAI scores at least 10. Belimumab
reduced flare risk with a comparable incidence of
adverse events in jSLE and aSLE [87

&

]. A recent
review summarized the emerging evidence for beli-
mumab use in jSLE, highlighting that only one RCT,
one retrospective cohort study, and three case series
are available [88].
Volume 34 � Number 00 � Month 2022
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'Real world' experience

Three studies from the UK [89], USA [90] and Japan
[91] have examined ‘real world’ treatment practices
in jSLE.

We demonstrated mycophenolate mofetil
(MMF) was the most commonly used treatment
for themajority of pBILAG-2004 organ involvement
(n¼349, 2009–2020). Notably MMF use was signifi-
cantly associated with renal involvement, with pre-
vious work demonstrating comparable outcomes
but reduced treatment-associated side-effects in jSLE
patients with class III/IV lupus nephritis treatedwith
MMF versus cyclophosphamide [92]. During follow-
up, only 5% received hydroxychloroquine and/or
prednisolone alone, 31% received a single-immuno-
modulator, 36% two immunomodulators, and 28%
�three immunomodulators. MMF was also the
most common second-line immunomodulator,
and Rituximab the most common third-line immu-
nomodulator [89].

Davis et al. investigated administrative claims
for new SLE patients, first year since diagnosis, aged
10–24years, between 2000 and 2013, from the US
Clinformatics DataMart database. Of the 532
patients identified, 69% received hydroxychloro-
quine, 34% an oral immunomodulator, and 64%
oral glucocorticoids. Intravenous infusions were not
included as they are inadequately captured by the
database. Patients with jSLE had a shorter time to
receiving a glucocorticoid-sparing immunomodula-
tor than those with aSLE [90].

Lastly, the Japanese health insurance database
was interrogated to identify common trends in jSLE
treatment in 182 patients between 2009 and 2018.
Intravenous cyclophosphamide use was less com-
mon after 2016, with increased use of MMF and
hydroxychloroquine. Furthermore, mizoribine use
reduced after 2014, whereas use of all other immu-
nosuppressive medications showed no change over
time. Oral prednisolone was used in 97% of jSLE
patients [91].

Although MMF plays a more central role in the
treatment of jSLE and B-cell-targeted treatments are
adopted into the treatment of patients with severe
disease, additional studies are needed to test new/
existing agents, and assess their long-term safety
profile in jSLE, to facilitate evidence-based practice
[93].
Lupus nephritis

Three recent studies aide with practical manage-
ment of lupus nephritis. Members of the Childhood
Arthritis and Rheumatology Research Alliance
(CARRA) LN Work Group and the Pediatric Rheu-
matology European Society (PReS) Lupus Working
1040-8711 Copyright © 2022 Wolters Kluwer Health, Inc. All rights rese

opyright © 2022 Wolters Kluwer Health, Inc. Una
Party published consensus guidelines on a stand-
ardized steroid delivery (intravenous versus oral)
and dosing regimen for jSLE patients with prolifer-
ative lupus nephritis intended for use in clinical
care and trials to standardize corticosteroid dosing
[94

&&

].
In a retrospective cohort study, treatment with

renin–angiotensin–aldosterone system (RAAS)
inhibitors of US jSLE patients (5–18 years-of-age,
<180days after diagnosis) associated with faster
glucocorticoid discontinuation, suggesting that
early initiation of RAAS inhibitors may have a role
in newly diagnosed jSLE patients with lupus neph-
ritis (not only those with refractory proteinuria)
[95

&

], complementing the above efforts to reduce
corticosteroid toxicity [94

&&

].
The CARRA LN Workgroup recently reported

results of a survey-based study examining US clini-
cians’ preferences for use of the low-dose EuroLupus
Cyclophosphamide (CYC) regime, versus the high-
dose National Institutes of Health (NIH) protocol in
lupus nephritis. Comparing data to a previous ques-
tionnaire using the same case vignette, 32% of
responders chose EuroLupus dosing in 2020, versus
6% in 2009. Although paediatric rheumatologists
in the USA are now more likely to follow EuroLupus
protocols, considerable use of NIH protocols
remains [96]. Across the UK, MMF is increasingly
preferred to CYC for lupus nephritis induction treat-
ment, highlighting the increasing move away from
CYC treatment [92].
The importance of adherence

Adherence to medications in jSLE impacts centrally
on disease control and outcomes. Semo-Oz et al.
evaluated treatment adherence in 38 jSLE patients
(12–25 years of age) in the USA, using a mixed
methods approach. Authors identified nonadher-
ence in 65% of patients. Barriers to adherence
included medication side effects (46%), difficulty
remembering to take medications (33%), and prob-
lems paying for medications (25%). Notably, SLE-
DAI scores of the treatment adherent group were
significantly lower at diagnosis when compared
with the nonadherent group [97], which over the
longer term may impact outcomes. The importance
of adherence is further emphasized by a recent
report demonstrating that low hydroxychloroquine
blood levels associated with more than five-fold
increased risk of flare in jSLE patients with lupus
nephritis [98]. Taken together, studies emphasize
that adherence should be routinely evaluated and
that barriers to adherence must be addressed
through involvement of multidisciplinary teams
in partnership with families.
rved. www.co-rheumatology.com 7
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MONITORING OF JUVENILE-ONSET
SYSTEMIC LUPUS ERYTHEMATOSUS

Biomarkers for organ involvement and
disease activity

Current routine laboratory tests are inadequate
for identifying and monitoring jSLE, therefore,
assessment of novel biomarker candidates has
Table 2. Biomarker candidates in juvenile-onset systemic lupus e

Role/use Biomarker Sou

JSLE identification IL-23, MIP-1b, MCP-1, M-CSF,
MDC

Seru

Associated with biopsy
features of LN

MCP-1 Urin

NGAL Urin

AGP-1 Urin

CP Urin

LPGDS Urin

Transferrin Urin

Adioponectin Urin

Hemopexin Urin

Hepcidin Urin

KIM-1 Urin

TGF-b Urin

VDBP Urin

S100 A4 Urin

NK cells Perip
bl

AGP-1 þ CP þ MCP-1 þ PCR Urin

AGP-1 þ MCP-1 þ Transferrin þ
CrCL þ C4

Urin

MCP-1 þ NGAL þ CrCL Urin

RAIL (MCP-1 þ NGAL þ CP þ
adiponectin þ hemopexin þ
KIM-1)

Urin

Associated with active LN
(BILAG or SLEDAI
defined)

MCP-1 Urin

8 www.co-rheumatology.com
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become an active area of investigation [99].
The most promising candidates present in urine
and blood, with panels of proteins increasing
sensitivity and specificity for diagnosis, monitor-
ing and predicting treatment response [100,
101

&

,102–104]. A comprehensive summary of
promising biomarker candidates is included in
Table 2.
rythematosis

rce Details and references

m Serum protein signature associate with jSLE versus JIA
[105]

e Biopsy Activity Index [106]
National Institutes of Health -- Activity Index and
Tubulointerstitial Activity Index [107]

e Biopsy Activity and Chronicity [108]

e Biopsy Activity Index [106]
National Institutes of Health -- Activity Index and
Tubulointerstitial Activity Index [107]

e National Institutes of Health - Activity Index and
Tubulointerstitial Activity Index [107]

e Biopsy Activity Index [107]

e Biopsy Activity Index [106]
National Institutes of Health -- Activity Index and
Tubulointerstitial Activity Index [107]

e National Institutes of Health -- Activity Index and
Tubulointerstitial Activity Index [107]

e National Institutes of Health -- Activity Index and
Tubulointerstitial Activity Index [107]

e National Institutes of Health -- Activity Index and
Tubulointerstitial Activity Index [107]

e National Institutes of Health -- Activity Index [107]

e National Institutes of Health -- Activity Index and
Tubulointerstitial Activity Index [107]

e National Institutes of Health -- Tubulointerstitial Activity
Index [107]

e Higher in proliferative (class III/IV) LN than in
membranous (class V) LN [109]

heral
ood

CD56bright NK cells strongly correlated with LN activity
and moderately correlated with LN chronicity [110]

e Good predictor of Biopsy Activity Index [106]

e Fair predictor of membranous LN [106]

e Good predictor of National Institutes of Health --
Activity Index [106]

e Excellent predictor of National Institutes of Health --
Activity Index defined active LN [107]

Good predictor for Tubulointerstitial Activity Index
[107]

e Renal BILAG defined [104,111,112]
Renal SLEDAI defined [106,113]
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Table 2 (Continued )

Role/use Biomarker Source Details and references

NGAL Urine Renal BILAG defined [104,112--114]
Renal SLEDAI defined [106,107,115--118]

AGP-1 Urine Renal BILAG defined [102--104,111,113,114]
Renal SLEDAI defined [106,114]

CP Urine Renal BILAG defined [102--104,113,114]
Renal SLEDAI defined [114]

LPGDS Urine Renal BILAG defined [103,104,114]
Renal SLEDAI defined [106,113,114]

Transferrin Urine Renal BILAG defined[104,114,103]
Renal SLEDAI defined [114,106,113]

VCAM-1 Urine Renal BILAG defined [103,104]

S100 A4 Urine Renal SLEDAI defined [109]

S100 A6 Urine Renal SLEDAI defined [109]

S100 A8/A9 Urine Renal SLEDAI defined [109]

S100 A12 Urine Renal BILAG defined [119]
Renal SLEDAI defined [109]

S100 A8/A9 Serum Renal BILAG defined [119]

sCD25 Urine Renal SLEDAI defined [120]

sCD25 Serum Renal SLEDAI defined [120]

AGP-1, CP, LPGDS, Transferrin Urine Optimal panel for active LN identification (renal BILAG
defined) in UK, US [104], and SA cohorts [103]

LPGDS, CP, transferrin, MCP-1,
sVCAM-1

Urine Urine biomarker panel derived in jSLE. Good predictor
of BILAG defined active LN in adult-SLE [101&]

Predictor of LN worsening AGP-1 Urine Renal BILAG defined worsening of LN [102]

Associated with
improvement in LN

CP Urine Renal BILAG defined improvement of LN [102]

S100 A4, A6, A8, A9, A12 Urine Renal SLEDAI defined improvement [109]

Predictors of response
to therapy

RAIL index (MCP-1 þ NGAL þ CP
þ adiponectin þ hemopexin þ
KIM-1)

Urine Fair predictor of response to therapy at baseline,
excellent for predicting response to therapy after 3
months, and good after 6 months [113]

LPGDS, transferrin, AGP-1, CP,
MCP-1 þ sVCAM-1

Urine Urine biomarker panel derived in jSLE. Predicts response
to rituximab treatment at 12 months in adult-SLE [101&]

Predictors of nonresponse
to therapy

Adiponectin Urine Renal SLEDAI defined nonresponse [113]

Hemopexin Urine Renal SLEDAI defined nonresponse [113]

Hepcidin Urine Renal SLEDAI defined nonresponse [113]

KIM-1 Urine Renal SLEDAI defined nonresponse [113]

TGF-b Urine Renal SLEDAI defined nonresponse [113]

VDBP Urine Renal SLEDAI defined nonresponse [113]

L-FABP Urine Renal SLEDAI defined nonresponse [113]

Cystatin-C Urine Renal SLEDAI defined nonresponse [113]

LPGDS þ Transferrin þ AGP-1 þ
CP þ MCP-1 þ sVCAM-1

Urine Urine biomarker panel derived in jSLE. Predictive of
response to Rituximab in adult-SLE patients [100]

Associated with renal
damage

Cystatin C Serum SDI defined damage [117]

AGP-1, alpha-1-acid glycoprotein; BILAG, British Isles Lupus Assessment Group; CP, ceruloplasmin; CrCl, creatinine clearance; IL-23, interleukin 23; KIM-1, kidney injury
molecule-1; L-FABP, liver-type fatty acid-binding protein; LN, lupus nephritis; L-PGDS, lipocalin-type prostaglandin-D synthetase; MCP-1, monocyte chemoattractant protein-
1; M-CSF, macrophage colony-stimulating factor; MDC, macrophage-derived chemokine; MIP-1b, macrophage inflammatory protein 1b; JIA, juvenile idiopathic arthritis;
NGAL, neutrophil gelatinase-associated lipocalin; NK, natural killer cells; PCR, protein/creatinine ratio; RAIL, renal activity index for lupus; S100, S100 calcium-binding
protein; sCD25, soluble alpha chain of interleukin 2; SDI, Systemic Lupus International Collaborating Clinics/American College of Rheumatology damage index; SLEDAI,
Systemic Lupus Erythematosus Disease Activity Index; TGF, transforming growth factor; VCAM-1, vascular cell adhesion molecule-1; VDBP, vitamin D-binding protein.
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Advances in biomarker development
Three studies focusing on distinct urine biomarker
panels have been published over the past year.

Comparisonof theRenalActivity Index forLupus
(RAIL), including six urinary proteins [neutrophil
gelatinase-associated lipocalin (NGAL), monocyte
chemoattractant protein-1 (MCP-1), kidney injury
molecule-1 (KIM-1), adiponectin, haemopexin and
ceruloplasmin], to the renal domain score of the SLE
disease activity index (rSLEDAI) for the detection of
lupus nephritis activity (NIH-activity index score) in
115 jSLE patients (68 lupus nephritis, 47 without
lupus nephritis) suggested superior results of RAIL
[121]. This study adds to previous literature, suggest-
ing that standardization of the RAIL score for urinary
creatinine concentration is not required.

A relatively large (n¼113 jSLE patients with
lupus nephritis), multicentre, longitudinal (average
follow-up 2years, seven samples per patient) study,
assessed urinary tumour necrosis factor-like weak
inducer of apoptosis (TWEAK), vascular cell adhe-
sion molecule-1 (VCAM-1) and human epidermal
growth factor receptor 2 (HER2) for the detection of
lupus nephritis. Both HER2 and VCAM-1 were sig-
nificantly elevated in the presence of active lupus
nephritis (defined by increased serum creatinine).
All proteins associated with new-onset proteinuria,
with VCAM-1 elevated prior to the onset of new
proteinuria, thus potentially predicting flares [122].

A cross-sectional study (n¼84 jSLE patients)
assessing 10 urinary proteins [activated leukocyte
cell adhesion molecule (ALCAM), cystatin-C, hemo-
pexin, KIM-1, MCP-1, NGAL, platelet factor-4 (PF-4),
tissue inhibitor of metalloproteinase-1 (Timp- 1),
TWEAK, and VCAM-1] concluded that urinary
ALCAM,VCAM-1 and PF4 predict renal disease activ-
ity, performing better than conventional biomarkers
(including proteinuria). Unsupervised Bayesian net-
work analysis suggested urinary ALCAM to be most
predictive of active lupus nephritis [123].

In analogy to data from aSLE patients with lupus
nephritis, a single centre cross-sectional study
reported the CD163scavenger receptor expressed
by macrophages and monocytes, to be exclusively
present in the urine of 60 jSLE patients [124]. Uri-
nary CD163 differentiates active LN jSLE patients
(rSLEDAI defined) from active nonrenal jSLE, and
urine CD163 levels predict kidney biopsy findings
(activity/chronicity, interstitial inflammation, fib-
rosis) [125].

A smaller number of studies have investigated
blood biomarker candidates in jSLE over the past
year. A cross-sectional study [19 jSLE, 18 systemic
Juvenile Idiopathic Arthritis (sJIA), 7 systemic unde-
fined recurrent fevers (SURFS), 24 controls], assessed
serum levels of the proinflammatory calcium-
10 www.co-rheumatology.com
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binding protein S100A12. Systemic JIA patients
exhibited the highest levels of S100A12, with
S100A12 levels differentiating sJIA patients from
those with jSLE, SURFS and healthy controls. SURFS
and jSLE patients had statistically comparable
S100A12 levels [126].

El-Beheidy et al. assessed serum KL-6, a high-
molecular-weight mucin-like protein produced by
alveolar type-2 pneumocytes, as a potential marker
of interstitial lung disease (ILD) in connective tissue
disease (CTD) patients (40 CTD patients, 20 with
ILD; 20 healthy controls). KL-6 levels were elevated
in CTD patients with ILD [127], but differences
between CTDs were not investigated because of
small sample size.

Previous and recent studies focusing on bio-
marker identification and implementation highlight
that multiple urine and serum proteins, their combi-
nation in panels, and diverse methods for e.g. defin-
ing active LN make it difficult to draw comparisons
between studies. Carefully designed clinical trials
with regular and standardized sampling are needed
to move biomarker studies closer to translation into
clinical practice.
Moving towards treat-to-target

In increasingly accepted treat-to-target (T2T)
approaches, treatment is adjusted until a specific
predefined ‘target’ is achieved, reducing disease
activity in a timely manner, with the aim of improv-
ing disease outcomes. T2T is now part of routine
clinical care in many conditions (e.g. rheumatoid
arthritis, hypertension, diabetes) [128], resulting in
significantly improved long-term outcomes [129–
132]. Both in jSLE [133

&

,134,135
&

,136] and aSLE
[137–142], global interest in development of an
T2T approach is growing aiming to facilitate use
of treatments in a structured way, aggressively con-
trolling disease activity, preventing organ damage,
and improving health-related quality of life [143].
T2T approaches in jSLE was ranked a top UK Paedi-
atric Rheumatology research priority in multidisci-
plinary consultation and consensus research
prioritization exercise led by the NIHR Clinical
Research Network (NIHR CRN): Children/Versus
Arthritis UK Paediatric Rheumatology Clinical Stud-
ies Group (CSG)’s clinical research strategy [144].

We recently assessed the impact of attainment
of aSLE derived T2T targets in 430 UK JSLE Cohort
patients (2006–2020, 22 sites). Lupus Disease Activ-
ity (LLDAS) and clinical remission on treatment are
attainable in two of three jSLE patients (treated as
per routine care), with achievement of such targets
reducing flare risk [140,142]. The study also showed
that risk of severe flare progressively reduced as
Volume 34 � Number 00 � Month 2022
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cumulative time in each target increased [145], con-
sistent with aSLE studies [140,142], and that
achievement of all targets reduced the risk of new
SLICC-SDI defined damage [146]. A single centre
study from the Netherlands demonstrated that all
jSLE patients reached LLDAS within a median of
6months, remaining in LLDAS greater than 50%
of follow-up time. Factors independently predicting
LLDAS attainment by 3 months included predniso-
lone dosage at 3 months, and treatment with MMF
[135

&

]. The benefit of early MMF treatment is also
highlighted by a recent study assessing glucocorti-
coid discontinuation in jSLE. Use of MMF as the
first-line immunosuppressant was associated with
reduced flare risk [147]. A multicentre Turkish
cohort study (n¼122) demonstrated LLDAS to be
attained by 82% of patients, with 68.9% reaching
LLDAS-50, but only 10.8% achieving remission.
Attainment of LLDAS-50 associated with shorter
time onhigh-dose corticosteroid treatment, reduced
proteinuria or subacute cutaneous findings [136].

In summation, jSLE patients who achieve targets
demonstrate fewer disease flares and less damage
[134,135

&

,136,145]; however, a randomised con-
trolled T2T clinical trial is warranted as uncertainty
remains as to whether those who achieved targets
hadmilder disease and were always destined to have
better outcomes. An international jSLE T2T Task
Force of experts, including paediatric rheumatolo-
gists, nephrologists and adult rheumatologists
with T2T experience from across the globe, with
representation from major paediatric rheumatology
professional organisations is working towards devel-
opment of principles and recommendations under-
pinning the jSLE T2T approach, consensus
‘paediatric-specific’ target definitions and agreeing
key aspects of clinical trial design to inform
future trials.
CONCLUSION

Improved understanding of jSLE pathomechanisms,
particularly in relation to genetic contributors and
environmental impact, will promote personalized
treatment approaches. The bidirectional transla-
tional journey from bench to bedside and back has
delivered invaluable insights into molecular, clinical
andprognosticdifferencesbetweensexes,ethnicities,
and age groups affected. Although currently thera-
peutic options remain limited, international efforts
to develop a T2T approach have attracted significant
interest, are gathering momentum and promise
timely delivery of treatment-response data.
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