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Summary

Background: Lupus nephritis (LN) is a serious and dynam-
ic manifestation of systemic lupus erythematosus (SLE).
The gold standard for diagnosis is the renal biopsy. How-
ever, it is invasive and not suitable for serial monitoring.
Standard serological markers, such as anti-dsDNA and
complement components, are not sufficiently sensitive
or specific to accurately reflect intrarenal inflammation,
underscoring the need for novel, non-invasive liquid bio-
markers. We hypothesised that a panel of serum proteins
indicative of endothelial activation (ICAM2), macrophage
complement processing (VSIG4), podocyte integrity (Nr-
CAM), and tubular epithelial stress (P-cadherin) could ac-
curately predict active LN.

Methods: In this cross-sectional study, 168 SLE patients
were prospectively enrolled and divided into 3 groups:
active LN (n=68), inactive LN (n=50), and non-LN SLE
controls (n=50). Serum concentrations of ICAM2, VSIG4,
NrCAM, and P-cadherin were measured by specific, val-
idated enzyme-linked immunosorbent assays (ELISAs). A
combined biomarker panel score was derived by multi-
variate logistic regression. We analysed the discriminative
power of active LN versus all non-active LN controls using
receiver operating characteristic (ROC) curves and com-
pared it with that of conventional biomarkers.

Results: A clear molecular profile was identified. Serum
levels of ICAM2, VSIG4 and P-cadherin were significantly
higher, and NrCAM was significantly lower in active LN
patients compared to either the inactive LN or non-LN
SLE groups (p<0.001 for all). The novel four-biomarker
panel showed excellent predictive accuracy for active LN,
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Kratak sadriaj

Uvod: Lupus nefritis (LN) predstavlja ozbiljnu i dinami¢nu
manifestaciju sistemskog eritemskog lupusa (SLE). Zlat-
ni standard za dijagnozu je biopsija bubrega. Medutim,
ova metoda je invazivna i nije pogodna za serijsko prac
enje. Standardni serolo$ki markeri, kao $to su anti-dsDNK
i komponente komplementa, nisu dovoljno senzitivni niti
specifiéni da precizno odraze intrarenalnu inflamaciju,
$to naglasava potrebu za novim, neinvazivnim te¢nim
biomarkerima. Pretpostavili smo da bi panel serumskih
proteina koji ukazuju na aktivaciju endotela (ICAM2), pro-
cesuiranje komplementa od strane makrofaga (VSIG4),
integritet podocita (NrCAM) i stres tubularnog epitela
(P-kadherin) mogao ta¢no da predvidi aktivni LN.
Metode: U ovoj studiji preseka, prospektivno je ukljuce-
no 168 pacijenata sa SLE, podeljenih u 3 grupe: aktivni
LN (n=68), neaktivni LN (n=50) i SLE kontrolni pacijenti
bez LN (n=50). Koncentracije ICAM2, VSIG4, NrCAM i
P-kadherina u serumu merene su specifi¢nim i validiranim
ELISA testovima. Kombinovani skor biomarker panela
dobijen je multivarijantnom logistickom regresijom. Ana-
lizirana je diskriminativna mo¢ za aktivni LN u odnosu na
sve neaktivne LN kontrole koris¢enjem ROC krivih i upo-
redena sa konvencionalnim biomarkerima.

Rezultati: |dentifikovan je jasan molekularni profil. Nivoi
ICAM2, VSIG4 i P-kadherina u serumu bili su znacajno
vi$i, dok je NrCAM bio znadajno niZi kod pacijenata sa
aktivnim LN u poredenju sa grupama neaktivnog LN
ili SLE bez LN (p<0,001 za sve). Novi &etvorostruki
biomarker panel je pokazao odli¢nu prediktivnu tacnost
za aktivni LN, sa povrS§inom ispod ROC krive (AUC) od
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with an area under the ROC curve (AUC) of 0.921 (95%
Cl 0.876-0.966). This panel was better than single novel
biomarkers, anti-dsDNA (AUC 0.732) and complement
C3 (AUC 0.695). With the optimal cutoff, the panel had a
sensitivity of 85.3% and a specificity of 88.0%. The pan-
el maintained strong discriminative performance in both
proliferative class Ill/IV LN and membranous class V LN
in the exploratory histology-stratified analysis, with no sta-
tistically significant difference in AUC between subgroups.
Conclusion: Serum biomarkers, including ICAM2, VSIG4,
NrCAM, and P-cadherin, are potent and non-invasive pre-
dictors of active lupus nephritis. This panel covers several
pathogenic pathways, including vascular inflammation,
complement-mediated macrophage activation, podocyte
injury, and tubular stress. It thus provides a comprehen-
sive »molecular biopsy« of the kidney. This panel is a
promising complementary tool to improve the monitoring
and management of LN.

Keywords: lupus nephritis, biomarkers, ICAM2, VSIG4,
NrCAM, P-cadherin, diagnosis

Introduction

Systemic lupus erythematosus (SLE) is a pro-
totypical autoimmune disease characterised by loss
of self-tolerance and immune complex deposition,
leading to multi-organ damage (1). Lupus nephritis
(LN) is one of the most common and serious com-
plications affecting up to 50% of SLE patients. It
is a major cause of morbidity and end-stage renal
disease (ESRD) (2, 3). However, a substantial pro-
portion of patients will develop renal failure despite
modern immunosuppressive regimes, highlighting
the crucial limitations of current therapeutic and
monitoring strategies (4).

The renal biopsy is a crucial tool for LN man-
agement, as it offers essential histopathological
classification and prognostic information (5). How-
ever, a biopsy is an invasive procedure with a risk of
morbidity, subject to sampling error. It provides only
a single static snapshot of a highly dynamic inflam-
matory process. These features render it unsuitable
for serial monitoring, early detection of renal flares
or real-time assessment of therapeutic response
(6). Currently, complementary non-invasive mon-
itoring in clinical practice is based on proteinuria
quantification, urinary sediment analysis and sero-
logical markers such as anti-double-stranded DNA
(anti-dsDNA) antibodies and complement C3/C4
levels. Unfortunately, these standard markers have
been shown to correlate poorly and inconsistently
with intrarenal histological activity, and their sensitiv-
ity and specificity are suboptimal to guide complex
therapeutic decisions (7, 8). This diagnostic gap
highlights an unmet clinical need for novel liquid
biomarkers that can reliably and non-invasively pre-
dict LN activity (9).

The pathogenesis of LN is highly complex, in-
volving the interplay of circulating immune cells, the

0,921 (95% Cl 0,876-0,966). Ovaj panel je bio bolji
od pojedina¢nih novih biomarkera, anti-dsDNK (AUC
0,732) i komplementa C3 (AUC 0,695). Pri optimalnoj
grani¢noj vrednosti, panel je imao senzitivnost od
85,3% i specifi¢nost od 88,0%. Panel je zadrzao snaznu
diskriminativnu sposobnost i kod proliferativnog LN klase
[1I/V i membranoznog LN klase V u eksplorativnoj analizi
stratifikovanoj prema histologiji, bez statisticki znacajne
razlike u AUC izmedu podgrupa.

Zaklju&ak: Serumski biomarkeri ICAM2, VSIG4, NrCAM
i P-kadherin predstavljaju snazne i neinvazivne prediktore
aktivnog lupus nefritisa. Ovaj panel pokriva vise patoge-
netskih puteva, uklju¢ujuéi vaskularnu inflamaciju, kom-
plementom posredovanu aktivaciju makrofaga, osteéenje
podocita i tubularni stres. Na taj nacdin pruza sveobuh-
vatnu »molekularnu biopsiju« bubrega. Panel predstavlja
obecavajud¢i komplementarni alat za unapredenje prac
enja i le¢enja LN.

Kljuéne reci: lupus nefritis, biomarkeri, ICAM2, VSIG4,
NrCAM, P-kadherin, dijagnoza

renal microvascular endothelium, and resident renal
parenchymal cells, including podocytes and tubular
epithelial cells (10). We hypothesised that a pow-
erful multi-dimensional biomarker panel could be
obtained by measuring circulating proteins mech-
anistically linked to these specific pathogenic pro-
cesses. We had four candidates for our hypothesis.
Intercellular Adhesion Molecule 2 (ICAM2/CD102)
is constitutively expressed on endothelial cells. It
plays a critical, non-redundant role in mediating
firm adhesion and the transendothelial migration
of leukocytes into inflamed tissues, a key step in
glomerular crescent formation (11, 12). V-set and
immunoglobulin domain-containing 4 (VSIG4), also
known as Complement Receptor of the Immuno-
globulin superfamily (CRIg), is a specific receptor
for C3b fragments that is expressed on tissue-res-
ident macrophages. It has a dual role in phagocy-
tosis and in the regulation of complement-driven
inflammation. It is a strong candidate to assess in-
trarenal macrophage activity (13, 14). The neuronal
cell adhesion molecule (NrCAM), first identified in
the nervous system, is known to have an important
non-neuronal function in the structural integrity of
the glomerular filtration barrier, particularly at the
podocyte foot process and slit diaphragm (15, 16).
Finally, Placental-cadherin (P-cadherin), a classical
cell adhesion molecule, is expressed at low levels in
healthy adult kidney but is strongly upregulated in
distal tubular epithelial cells under stress conditions
such as hypoxia and inflammation (17, 18).

The main aim of this study was to test the hy-
pothesis that serum levels of a novel, biologically
integrated panel of four proteins (ICAM2, VSIG4,
NrCAM, and P-cadherin) can serve as a highly accu-
rate, non-invasive composite biomarker for predict-
ing active LN.
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Materials and Methods
Study design and patient population

This was a cross-sectional, single-centre obser-
vational study. We prospectively enrolled 168 adult
patients who fulfilled the 2019 European League
Against Rheumatism/American College of Rheu-
matology (EULAR/ACR) classification criteria for
SLE (19) from the Nephrology and Rheumatology
outpatient clinics between March 2023 and January
2024. Consecutive patients were stratified into three
pre-defined groups based on renal involvement and
disease activity at the time of enrolment:

(i) Active LN group (n=68), defined by a renal
biopsy performed within 8 weeks showing
ISN/RPS Class IlII, IV (A or A/C), or V with
a National Institutes of Health (NIH) activity
index score >2, plus a urine protein-to-cre-
atinine ratio (UPCR)>1.0 g/g (20);

(i) Inactive LN group (n=50), comprising
patients with a prior biopsy-confirmed his-
tory of LN who were in sustained clinical
renal remission. Remission was defined as
UPCR<0.5 g/g and inactive urinary sedi-
ment (<5 RBCs/hpf and no cellular casts)
for at least 6 consecutive months. During
this remission period, patients were re-
quired to be receiving stable maintenance
immunosuppressive therapy and/or taper-
ing glucocorticoids, without treatment es-
calation. Treatment escalation was defined
as initiation of induction therapy, increase
in mycophenolate mofetil dose, administra-
tion of cyclophosphamide or rituximab, ad-
dition of a calcineurin inhibitor, or increase
in systemic glucocorticoid dose during the
preceding 6 months;

(iii) Non-LN SLE group (n=50), comprising
SLE patients with no historical or current
clinical evidence of nephritis (UPCR<0.2
g/g, normal urinary sediment, normal se-
rum creatinine). Exclusion criteria included:
concomitant active infections (including
HIV, Hepatitis B, and Hepatitis C), preg-
nancy, active malignancy, a history of non-
SLE related renal disease, and an estimat-
ed glomerular filtration rate (eGFR)<15
mL/min/1.73m?. The Institutional Review
Board approved this study of [Institution
Name] (Protocol No. 2023-RHE-01). All
study procedures adhered to the tenets of
the Declaration of Helsinki, and written in-
formed consent was obtained from all par-
ticipants.

Clinical and laboratory data collection

At enrolment, comprehensive demographic
and clinical data were collected, including age, sex,
self-reported ethnicity, SLE disease duration, and
current prednisolone use. SLE disease activity was
assessed using the validated Systemic Lupus Erythe-
matosus Disease Activity Index 2000 (SLEDAI-2K)
(21). To avoid circularity and artificial inflation of as-
sociations between disease activity and circulating
biomarkers, a modified clinical SLEDAI-2K score
was calculated by excluding serological laboratory
components, specifically anti-dsDNA positivity and
hypocomplementemia, including low C3 and/or C4.
Thus, the SLEDAI-2K score used in correlation and
group-comparison analyses reflected clinical rather
than conventional serological disease activity. Rou-
tine laboratory parameters were measured in the
hospital’s central clinical laboratory and included
a complete blood count, serum creatinine, eGFR
(calculated using the CKD-EPI 2021 equation),
complement C3 and C4 (nephelometry), and an-
ti-dsDNA antibody titers (by enzyme-linked immu-
nosorbent assay, ELISA). For the active LN group,
the renal biopsy reports were meticulously reviewed
for ISN/RPS class and the individual components of
the activity and chronicity indices.

This was an exploratory, single-centre bio-
marker study; therefore, the sample size was pri-
marily determined by the number of eligible patients
available during the predefined recruitment period
from March 2023 to January 2024. Nevertheless,
the final cohort size was assessed for adequacy with
respect to the primary diagnostic objective. The pri-
mary ROC analysis compared active LN patients
(n=68) with inactive LN and non-LN SLE controls
(n=100). For ROC-based diagnostic studies, this
sample size provides adequate power to detect an
AUC substantially greater than the null value of
0.50. Assuming a two-sided a. of 0.05, the available
sample size provided greater than 90% power to de-
tect an AUC of 0.75 or higher for the four-marker
panel, while allowing estimation of the observed
AUC with acceptable precision. Because the panel’s
observed AUC was 0.921, the enrolled cohort was
deemed adequate for the primary exploratory diag-
nostic analysis.

Quantification of novel serum biomarkers
Sample collection and pre-analytical handling

Peripheral venous blood (10 mL) was collected
from each participant into sterile, additive-free se-
rum separator tubes (SST) (BD Biosciences, Franklin
Lakes, NJ, USA). To minimise circadian variabili-
ty, all samples were drawn between 8:00 AM and
10:00 AM following an overnight fast (22). Tubes
were gently inverted five times and allowed to clot
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at room temperature (20-25 °C) for exactly 30 min-
utes. Samples were then centrifuged at 3000x g for
15 minutes at 4 °C in a pre-cooled swinging-buck-
et centrifuge (Eppendorf 5810R, Hamburg, Ger-
many). The supernatant was carefully aspirated
and divided into 500 uL aliquots in sterile, DNase/
RNase-free polypropylene cryovials (Corning Inc.,
Corning, NY, USA), then immediately flash-frozen
at -80 °C. To eliminate the confounding effect of re-
peated freeze-thaw cycles on soluble adhesion mol-
ecule immunoreactivity, each aliquot was thawed
only once, immediately before the assay (23). Hae-
molysed, lipemic, or icteric samples were identified
by spectrophotometric indices and excluded (n=3),
with the respective patients re-sampled.

General immunoassay methodology

All four biomarkers were measured using a
quantitative sandwich enzyme-linked immunosor-
bent assay (ELISA). In this methodology, the target
protein is captured between a pre-coated capture
antibody and a biotinylated detection antibody, fol-
lowed by horseradish peroxidase (HRP)-conjugated
streptavidin and a colourimetric substrate. The op-
tical density (OD) is directly proportional to the an-
alyte concentration (24). All standards, blanks, and
serum samples were run in duplicate. A single man-
ufacturer’s lot was used for each kit. Two trained
technicians, blinded to all clinical data, performed
the assays.

Specific assay protocols
Quantification of human ICAM2 (CD102)

Soluble ICAM2 was quantified with the Quan-
tikine Human ICAM-2/CD102 Immunoassay (R&D
Systems, Minneapolis, MN, USA; Cat# DIC200).
This assay has a lower limit of detection (LLOD) of
0.033 ng/mL and a calibrated range of 0.8-50 ng/
mL. The intra- and inter-assay CVs are <6% and
<8%, respectively. Serum samples were diluted
1:20 in the provided diluent. The standard curve
was generated from a 7-point, 2-fold serial dilution
of a recombinant human ICAM2 standard. The plate
was incubated for 2 hours at room temperature on
an orbital shaker at 500 rpm. Colour was developed
with tetramethylbenzidine (TMB) substrate and
stopped with 2N sulfuric acid. Absorbance was read
at 450 nm with a 570 nm correction. No significant
cross-reactivity with I[CAM-1, ICAM-3, VCAM-1, or
PECAM-1 is reported.

Quantification of human VSIG4 (CRIg)

VSIG4 was quantified using Human VSIG4
ELISA Kit (MyBioSource, San Diego, CA, USA,;

Cat# MBS762022). The LLOD was 0.12 ng/mlL,
and the dynamic range was 0.312-20 ng/mL. Intra-
and inter-assay CVs were <8% and <10%, respec-
tively. Serum samples were assayed without dilution.
The protocol consisted of a 90-minute incubation
of the sample, a 60-minute incubation with the de-
tection antibody, and a 30-minute incubation with
HRP-streptavidin. TMB substrate development was
carried out for 15 minutes in the dark.

Quantification of human NrCAM

Serum NrCAM levels were measured with a
Human NrCAM ELISA Kit (LifeSpan BioSciences,
Seattle, WA, USA; Cat# LS-F27275). The LLOD
is <0.1 ng/mL with a detection range of 0.156-
10 ng/mL. Intra- and inter-assay CVs are <6%
and <8%. Samples were run undiluted. The sam-
ple incubation phase was set to 2 hours to ensure
high-affinity binding of this large glycoprotein, and
the TMB incubation was extended to 20 minutes.
Cross-reactivity with L1CAM, CHL1, or Neurofascin
is negligible.

Quantification of human P-cadherin

Soluble P-cadherin was quantified using the
Human P-Cadherin DuoSet ELISA Development
System (R&D Systems, Minneapolis, MN, USA;
Cat# DY861). The in-house optimised assay had an
LLOD of 45 pg/mL. Intra- and inter-assay CVs were
5.1% and 9.2%. Serum samples were diluted 1:2.
The standard curve was generated with a recom-
binant human P-cadherin/Fc chimaera. Cross-re-
activity was minimal with E-cadherin, N-cadherin,
VE-cadherin, or R-cadherin.

Data reduction and quality control

OD values were imported into a five-parameter
logistic (5-PL) curve-fitting software (SoftMax Pro
7.1, Molecular Devices, San Jose, CA, USA) (25).
Standard curves were accepted only if R2>0.99.
The back-calculated concentration for each stan-
dard was required to be within 15% of the nominal
value. Sample duplicates with a CV of 15% were
re-assayed. Two kit-provided quality controls (high
and low) on each plate had to fall within 2 SD of the
established laboratory mean. Final concentrations
were expressed in ng/mL.

Statistical analysis

Statistical analyses were performed using SPSS
version 26.0 (IBM Corp., Armonk, NY) and Graph-
Pad Prism 9.0 (San Diego, CA). The normality of dis-
tribution for continuous variables was assessed using
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the Shapiro-Wilk test. Accordingly, demographic and
clinical data were presented as mean = standard
deviation (SD) for normally distributed variables, or
median (interquartile range, IQR) for non-normally
distributed variables. Comparisons across the three
groups were performed using one-way analysis of
variance (ANOVA) with Tukey’s post-hoc test, or
the Kruskal-Wallis test with Dunn’s post-hoc test,
respectively. Categorical variables were compared
using the Chi-square test. Binary logistic regression
was used to develop a composite four-biomarker
model for the primary outcome of active LN. The
regression equation generated a linear predictor,
which was converted into an individual predicted
probability of active LN using the logistic transfor-
mation: predicted probability = 1/[1 + exp(-linear
predictor)]. This predicted probability, ranging from
0 to 1, was used as the composite panel score for
ROC analysis. Because the panel score represents a
probability rather than a biomarker concentration, it
is unitless. The diagnostic performance was evaluat-
ed using ROC curve analysis, and the area under the
curve (AUC) with 95% confidence intervals (Cl) was
calculated. The optimal cutoff for the panel score
was determined by maximising the Youden Index
(Sensitivity + Specificity — 1). A two-tailed p-value
< 0.05 was considered statistically significant for all
tests.

Results

Baseline clinical characteristics of the study
population

We summarised the demographic and clinical
characteristics of the 168 participants in Table I. The
three groups were well-matched for age, sex, and
SLE disease duration. As expected, the active LN
group exhibited significantly higher clinical disease
activity based on the SLEDAI-2K score (median 16
[IOR 12-20]) compared to the inactive LN (2 [1-
4]) and non-LN SLE (4 [2-6]) groups (p<0.001).
Similarly, anti-dsDNA titers were significantly higher,
while C3 and C4 levels were significantly lower, in
active LN patients. The most frequent histological
class in the active LN group was Class IV (45.6%),
followed by Class Ill (29.4%).

Differential serum levels of candidate
biomarkers

The serum concentrations of the four novel
biomarkers across the three study groups are de-
tailed in Table Il. A highly distinct and statistically
significant molecular signature was observed. Se-
rum ICAM?2 levels in active LN patients (median
28.5 ng/mL) were significantly elevated compared

Table I Baseline demographic and clinical characteristics of the study groups.

Variable Active LN (n=68) Inactive LN (n=50) Non-LN SLE (h=50) p-value
Age, years 34.5+10.2 36.8+9.5 35.2+x1141 0.48
Female, n (%) 60 (88.2) 44 (88.0) 44 (88.0) 0.99
SLE duration, years 6.2 (31-10.5) 7.5 (4.2-11.8) 6.8 (3.5-10.0) 0.35
Modified SLEDAI-2K score 16 (12-20) 2 (1-4) 4 (2-6) <0.001
Full SLEDAI-2K score 20 (16-24) 4 (2-6) 6 (4-8) <0.001
UPCR, g/g 2.8 (1.6-4.5) 0.3 (01-0.4) 0.1 (0.08-015) <0.001
eGFR, mL/min/1.73m? 78 (52-98) 88 (72-105) 94 (82-108) 0.02
Anti-dsDNA, [U/mL 215 (85-450) 28 (15-65) 45 (18-110) <0.001
C3, mg/dL 55 (38-72) 90 (75-105) 85 (70-100) <0.001
C4, mg/dL 10 (6-15) 18 (13-24) 16 (12-22) <0.01
Prednisone use, n (%) 58 (85.3) 35 (70.0) 32 (64.0) 0.02
ISN/RPS class, n (%)

Class Il 20 (29.4)

Class IV 31 (45.6)

Class V 17 (25.0)

Data are presented as mean = SD, median (IQR), or n (%). LN, lupus nephritis; SLE, systemic lupus erythematosus; SLE-
DAI-2K, SLE Disease Activity Index 2000; UPCR, urine protein-to-creatinine ratio; eGFR, estimated glomerular filtration

rate.
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Table Il Serum Concentrations of the novel biomarker panel across study groups.

Biomarker Active LN Inactive LN Non-LN SLE Overall Effect size: Active
(n=68) (n=50) (n=50) p-value LN vs inactive LN

ICAM2 eer 4

28.5 (221-35.8) 19.8 (15.5-231) 17.2 (141-20.5) <0.001 Cliff's d=0.66, large
(ng/mL)
vsiGa 15.2 (10.8-20.5) 91 (6.2-12.5) 8.5 (5.9-11.0) <0.001 Cliff's d=0.58, large
(ng/mL) . . . 1 (6. . . . . . .58,
NrCAM e g
(ng/mL) 1.8 (1.2-2.5) 4.2 (31-5.6) 4.5 (3.4-5.8) <0.001 Cliff's d=-0.74, large
P-cadherin e 1
(ng/mL) 3.6 (2.4-51) 1.9 (1.3-2.8) 1.7 (11-2.5) <0.001 Cliff's d=0.61, large

All data are presented as median (IQR). *Kruskal-Wallis test. Dunn’s post-hoc test showed significant differences between the
Active LN group and both the Inactive LN and Non-LN SLE groups for all four biomarkers (p<0.001). No significant difference
was observed between the Inactive LN and Non-LN SLE groups for any marker.

Table Ill Spearman correlation matrix among the four serum biomarkers.

Biomarker ICAM2 VSIG4 NrCAM P-cadherin
ICAM2 1.00 0.42*** -0.41%** 0.39***

VSIG4 0.42*** -0.34%** 0.36***

NrCAM -0.40%%* -0.34*** 1.00 -0.38***
P-cadherin 0.39%** 0.36*** -0.38*** 1.00

Values represent Spearman’s rank correlation coefficients calculated across the full study coho

rt. ***p<0.001. Correlations were

considered weak when |p|<0.30, moderate when |p|=0.30-0.59, and strong when |p|>0.60.

to inactive LN (19.8 ng/mL) and non-LN SLE con-
trols (17.2 ng/mL) (p<0.001). A similar, significant
upward trend was observed for VSIG4 (active LN:
15.2 ng/mL vs inactive LN: 9.1 ng/mL vs non-LN
SLE: 8.5 ng/mL, p<0.001) and P-cadherin (active
LN: 3.6 ng/mL vs inactive LN: 1.9 ng/mL vs non-
LN SLE: 1.7 ng/mL, p<0.001). In striking contrast,
serum NrCAM concentrations were profoundly sup-
pressed in the active LN group (median 1.8 ng/mL)
compared to both the inactive LN (4.2 ng/mL) and
non-LN SLE groups (4.5 ng/mL) (p<0.001). Post-
hoc analysis confirmed no significant difference
between the inactive LN and non-LN SLE control
groups for any of the four markers, indicating that
the changes are specifically associated with active
nephritic disease rather than a history of nephritis
or SLE itself.

To assess the clinical magnitude of these differ-
ences, we calculated non-parametric effect sizes for
the active LN versus inactive LN contrasts. All four
biomarkers demonstrated large effect sizes. ICAM2
showed a large positive effect size, indicating sub-
stantially higher levels in active LN compared with
inactive LN (Cliff’'s §=0.66). VSIG4 also demon-
strated a large positive effect size (Cliff's §=0.58),
as did P-cadherin (Cliff’'s §=0.61). In contrast, Nr-
CAM showed a large negative effect size (Cliff’s

8=-0.74), consistent with markedly lower levels in
active LN. These findings indicate that the observed
biomarker differences are not only statistically sig-
nificant but also clinically meaningful in magnitude.

Inter-biomarker correlation matrix

To determine whether the four biomarkers rep-
resented redundant or complementary biological
signals, we performed pairwise Spearman correla-
tion analysis across the full study cohort. The result-
ing correlation matrix is shown in Table Ill. Overall,
the biomarkers demonstrated weak-to-moderate
intercorrelations. ICAM2 correlated moderately
with VSIG4 (p=0.42, p<0.001) and P-cadherin
(p=0.39, p<0.001). VSIG4 also showed a mod-
erate positive correlation with P-cadherin (p=0.36,
p<0.001). In contrast, NrCAM showed inverse cor-
relations with ICAM2 (p=-0.41, p<0.001), VSIG4
(p=-0.34, p<0.001), and P-cadherin (p=-0.38,
p<0.001). Importantly, no pairwise correlation ex-
ceeded dpd=0.60, suggesting that the four bio-
markers are not highly collinear. These findings sup-
port the multi-compartment rationale of the panel,
in which each analyte contributes partially distinct
information related to active LN biology (Table IIl).
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Table IV Receiver operating characteristic (ROC) curve analysis for predicting active LN.

Marker/Panel AUC 95% Cl Sensitivity (%) | Specificity (%) | Cutoff Value | p-value (vs Panel)
4-Marker Panel 0.921 0.876-0.966 85.3 88.0 >0.62 (Score) Reference
ICAM2 0.845 0.785-0.905 76.5 79.0 >22.5 ng/mL <0.01
VSIG4 0.798 0.728-0.867 721 75.0 >12.0 ng/mL <0.001
NrCAM 0.825 0.760-0.890 79.4 74.0 <2.8 ng/mL <0.001
P-cadherin 0.812 0.745-0.879 691 85.0 >2.9 ng/mL <0.01
Anti-dsDNA 0.732 0.655-0.809 80.9 56.0 >80 IU/mL <0.001

Cc3 0.695 0.615-0.775 67.6 65.0 <78 mg/dL <0.001

Diagnostic performance of the novel
biomarker panel

To create a unified diagnostic tool, a com-
posite biomarker panel score was derived from
the four analytes using binary logistic regression.
The linear predictor from the logistic regression
model was calculated as follows: linear predictor
=-3.24+(0.08xICAM2)+(0.15xVSIG4)-(0.45 X N-
rCAM)+(0.28 X P-cadherin). This value was then
transformed into a predicted probability of active
LN using the logistic function: panel score = 1/[1
+ exp(-linear predictor)]. Thus, the panel score is a
unitless probability ranging from O to 1, with higher
values indicating a greater probability of active LN.
The diagnostic performance of this panel and its in-
dividual components was assessed using ROC curve
analysis, as detailed in Table IV. The four-marker
panel demonstrated outstanding discriminative pow-
er for predicting active LN, with an AUC of 0.921
(95% Cl: 0.876-0.966). At the optimal cutoff val-
ue, the panel achieved a sensitivity of 85.3% and a
specificity of 88.0%. This performance was signifi-
cantly superior to any of the four individual biomark-
ers, which had AUCs ranging from 0.798 (VSIG4)
to 0.845 (ICAM2). Crucially, the panel dramatically
outperformed the conventional clinical markers, an-
ti-dsDNA (AUC 0.732; sensitivity 80.9%, specificity
56.0%) and complement C3 (AUC 0.695; sensitivity
67.6%, specificity 65.0%), which both showed only
modest predictive ability in our cohort.

Because membranous class V LN differs patho-
physiologically from proliferative class IlI/IV LN, we
performed an exploratory histologic subgroup anal-
ysis within the active LN cohort. Among active LN
patients, 51 had proliferative class IlI/IV LN, and 17
had pure class V membranous LN. The four-marker
panel retained strong discriminatory performance in
both subgroups. The AUC was 0.934 for prolifera-
tive class lll/IV LN and 0.876 for pure class V LN.
Although the AUC was numerically lower in class
V LN, the difference between the proliferative and
membranous subgroups was not statistically signif-
icant by Delong’s test (p=0.28). These findings

suggest that the panel is not restricted to prolifer-
ative LN. However, the class V subgroup analysis
should be considered exploratory because of the
smaller sample size.

The four-marker panel score represents the
predicted probability of active LN derived from the
logistic regression model. The model linear predic-
tor was calculated as:

-3.24+(0.08 X ICAM2)+(0.15%xVSIG4)-(0.45X Nr-
CAM)+(0.28 % P-cadherin),

and then converted to a probability using the
logistic transformation:

predicted probability = 1/[1 + exp(-linear pre-
dictor)].

The score is unitless and ranges from 0 to 1.

Exploratory correlations between serum
biomarkers and histologic activity features

To further examine the biological relevance
of the candidate biomarkers, we performed explor-
atory Spearman correlation analyses of individual
serum biomarker levels with biopsy activity-index
components in the active LN group. ICAM2 posi-
tively correlated with endocapillary hypercellularity
(p=0.46, p<0.001) and cellular crescents (p=0.39,
p=0.001), consistent with its posited role as a mark-
er of endothelial activation and leukocyte traffick-
ing. VSIG4 correlated with interstitial inflammation
(p=0.43, p<0.001), endocapillary hypercellularity
(p=0.36, p=0.003) and overall NIH activity index
(p=0.41, p<0.001), consistent with its association
with complement-linked macrophage activation. Nr-
CAM showed inverse correlations with cellular cres-
cents (p=-0.34, p=0.005), NIH activity index (p=-
0.38, p=0.002) and UPCR (p=-0.42, p<0.001),
consistent with lower levels in circulation in patients
with more active glomerular injury. P-cadherin cor-
related most strongly with interstitial inflammation
(p=0.48, p<0.001) and tubular injury/tubulointer-
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stitial activity (p=0.44, p<0.001), supporting its in-
terpretation as a marker of tubular epithelial stress.
These exploratory histology-linked associations sug-
gest that the four biomarkers reflect partially distinct
but complementary renal injury compartments.

Exploratory analysis of biomarker levels
according to immunosuppressive treatment

Because immunosuppressive therapy could
influence circulating biomarker concentrations,
we performed exploratory treatment-stratified
analyses. At enrolment, active LN patients were
receiving heterogeneous treatment regimens,
including glucocorticoids, mycophenolate mofetil,
cyclophosphamide, and rituximab. Within the active
LN group, biomarker levels did not show consistent
differences by treatment. ICAM2 levels were similar
in patients receiving cyclophosphamide compared
with those not receiving cyclophosphamide (median
29.1 [IQR 23.0-36.5] vs 27.8 [21.6-35.0] ng/
mL, p=0.48) and in patients receiving rituximab
compared with those not receiving rituximab (27.4
[22.0-34.8] vs 28.9 [22.4-36.1] ng/mL, p=0.62).
VSIG4 levels were also comparable according to
cyclophosphamide exposure (15.8 [11.2-21.0] vs
14.9 [10.5-20.1] ng/mL, p=0.55) and rituximab
exposure (14.5 [10.1-19.8] vs 15.4 [11.0-20.7]
ng/mL, p=0.59). Similar non-significant patterns
were observed for NrCAM and P-cadherin.
These exploratory findings suggest that a single
immunosuppressive treatment exposure did not drive
the biomarker differences observed in active LN.
However, residual confounding by disease severity
and treatment indication cannot be excluded.

Discussion

In this cross-sectional study, we identified
and internally validated a novel composite panel of
four serum biomarkers that differentiate active LN
from inactive and non-renal SLE with remarkable
precision. The panel’s AUC of 0.921, with sensitivity
of 85.3% and specificity of 88.0%, is a substantial
improvement over the conventional clinical markers
used in daily practice, anti-dsDNA and C3, which
demonstrated only modest discriminative ability.
Our findings strongly support the idea that a multi-
analyte approach, intentionally designed to reflect
the complex and heterogeneous pathology of LN,
can provide a more holistic »liquid biopsy« than any
single analyte.

The biological rationale for each biomarker
is key to the panel's strong performance. It
provides pathophysiological insight into the active
LN state. The marked increase in soluble ICAM2
likely reflects endothelial activation and/or injury

in the renal microvasculature. Unlike ICAM-1,
which is upregulated by inflammation, ICAM-2 is
constitutively expressed at high levels on endothelial
cells and functions as an important docking
molecule for the integrin LFA-1 on circulating
leukocytes to mediate their arrest and diapedesis
into the glomerulus (11, 26). Its leakage into
the serum directly reflects injury to the “vascular
gateway,” a feature typical of active proliferative and
crescentic forms of LN (27). With the increase of
VSIG4, the centre of this panel is the complement
system and tissue-resident macrophages. VSIG4 is a
phagocytic receptor for C3b-opsonised particles and
is essential for the clearance of deposited immune
complexes (13, 28). The high levels of active LN
in serum may reflect macrophage hyperactivation
or exhaustion in response to overwhelming
intrarenal complement activation and immune-
complex load, consistent with the resurgence of
complement-targeted therapeutics in nephrology
(29). Of particular interest is the marked decrease
in serum NrCAM. NrCAM is a structural component
of the slit diaphragm complex. Low circulating
levels probably reflect loss from injured podocytes,
either through suppressed production or shedding
upon cell detachment, as seen for nephrin in other
proteinuric diseases (16, 30). This highlights a
crucial, previously unrecognised podocytopathic
aspect of the inflammatory milieu in active LN.
Finally, the up-regulation of P-cadherin is likely to be
a marker of distal tubular epithelial cell stress and
a partial epithelial-to-mesenchymal transition (EMT)
program. P-cadherin is normally low in healthy
kidneys, but is strongly upregulated by TGF-§ and
hypoxia (17, 31). Its presence in serum is therefore
a potential surrogate of active tubulointerstitial
damage, a lesion of ultimate prognostic relevance,
notoriously difficult to monitor non-invasively (32).

The main strength of this study is its biology-
based, hypothesis-driven panel design, in contrast
to untargeted proteomic approaches that often yield
non-specific acute-phase reactants. The composite
score integrates independent signals from four
distinct nephron compartments, including the
endothelium (ICAM2), infiltrating macrophages
(VSIG4), podocytes (NrCAM) and tubular epithelium
(P-cadherin), providing a high-fidelity molecular
snapshot of the kidney. This explains its significant
advantage over the single-marker approach. The
data’s internal validity is ensured by the rigorous pre-
analytical and analytical quality control measures
implemented.

However, our study has limitations that pave
the way for future studies. The single-centre and
cross-sectional design limits causal inference and
external generalizability. The true clinical utility of
the panel needs to be tested in large, multi-eth-
nic, prospective longitudinal cohorts. Such studies
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are needed to validate the panel’s ability to pre-
dict future renal flares before a rise in proteinuria,
to monitor response to therapy in real time, and,
ultimately, to predict long-term renal survival. Ad-
ditionally, although ELISA remains the gold stan-
dard for validation of a single analyte, development
of a rapid, cost-effective, single-reaction multiplex
assay (e.g. bead-based flow cytometry assay, such
as Luminex, or an electrochemiluminescence plat-
form) that could provide results within a clinically
actionable time frame would be necessary for clini-
cal translation of a 4-marker panel (33). Fourth, our
cohort included a range of ISN/RPS classes. Still,
the sample size was insufficient to perform robust
subgroup analysis by histological class. The distinct
pathogenic mechanisms of proliferative (Ill/IV) and
membranous (V) LN, and their impact on the pan-
el’s performance, remain to be elucidated.

Conclusion

In conclusion, this study introduces and vali-
dates a novel, biologically integrated serum bio-
marker panel of ICAM2, VSIG4, NrCAM, and P-cad-
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