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expression is associated with disease activity
and prognosis in lupus nephritis
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Abstract

Background Lupus nephritis (LN) is one of the most severe complications of systemic lupus erythematosus (SLE).
However, the current management of LN remains unsatisfactory due to sneaky symptoms during early stages and
lack of reliable predictors of disease progression.

Methods Bioinformatics and machine learning algorithms were initially used to explore the potential biomarkers

for LN development. Identified biomarker expression was evaluated by immunohistochemistry (IHC) and multiplex
immunofluorescence (IF) in 104 LN patients, 12 diabetic kidney disease (DKD) patients, 12 minimal change disease
(MCD) patients, 12 IgA nephropathy (IgAN) patients and 14 normal controls (NC). The association of biomarker expres-
sion with clinicopathologic indices and prognosis was analyzed. Gene Set Enrichment Analysis (GSEA) and Gene Set
Variation Analysis (GSVA) were utilized to explore potential mechanisms.

Results Interferon-inducible protein 16 (IFI16) was identified as a potential biomarker for LN. IFI16 was highly
expressed in the kidneys of LN patients compared to those with MCD, DKD, IgAN or NC. IFI16 co-localized with certain
renal and inflammatory cells. Glomerular IFI16 expression was correlated with pathological activity indices of LN,
while tubulointerstitial IFI16 expression was correlated with pathological chronicity indices. Renal IFI16 expression was
positively associated with systemic lupus erythematosus disease activity index (SLEDAI) and serum creatinine while
negatively related to baseline eGFR and serum complement C3. Additionally, higher IFI16 expression was closely
related to poorer prognosis of LN patients. GSEA and GSVA suggested that IFI16 expression was involved in adaptive
immune-related processes of LN.

Conclusion Renal IFI16 expression is a potential biomarker for disease activity and clinical prognosis in LN patients.
Renal IFI16 levels may be used to shed light on predicting the renal response and develop precise therapy for LN.
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Background

Lupus nephritis (LN) is one of the most severe compli-
cations of systemic lupus erythematosus (SLE), an auto-
immune disease that causes chronic, multiple-organ
damage [1, 2]. Though the frequency of LN has decreased
over the past several decades, up to 20% of LN patients
progress to end-stage renal disease during the first dec-
ade of their illness [3]. Early diagnosis of LN and effective
monitoring of disease activity are therefore crucial. How-
ever, the sensitivity and specificity of current conven-
tional biomarkers for LN disease activity and chronicity,
such as proteinuria amount, urine sediments, serum cre-
atinine value, titers of anti-double-stranded DNA (anti-
dsDNA) antibodies, and serum C3 levels, are restricted
[4] The most accurate method for diagnosing LN and
assessing the severity of kidney injury is still invasive
renal biopsy [1, 5]. Histological indexes of LN, activ-
ity index (AI), and chronicity index (CI) defined by the
National Institutes of Health (NIH) system have all made
substantial contributions to the prediction of renal prog-
nosis [6, 7]. However, the importance of the NIH indexes
in portending long-term prognosis during initial kidney
biopsy was not confirmed by the Lupus Nephritis Col-
laborative Study Group [8]. Therefore, it is necessary to
explore more precise biomarkers that might help with LN
early diagnosis and patient monitoring.

Recently, machine learning was developed to discover
novel, potentially diagnostic biomarkers via differential
gene expression. The accuracy of microarray for identi-
fying differentially expressed genes (DEGs) has increased
notably over past years [9, 10]. In the present study, we
carried out bioinformatics analysis to identify poten-
tial diagnostic markers for LN. Using three separate
machine learning algorithms, we identified interferon-
inducible protein 16 (IFI16) as a biomarker for LN. Renal
IFI16 expression was verified with immunohistochemi-
cal (IHC) staining. IFI16, a member of the interferon-
inducible p200-protein family (PYHIN200 or HIN-200
protein family), is characterized by a 200-amino-acid
motif containing a DNA binding domain at the C-termi-
nus and a PYRIN domain at the N-terminus [11]. IFI16
may regulate a variety of biological processes, including
cell differentiation, proliferation, senescence, apoptosis,
and inflammasome assembly, according to researchers
in the field of cellular biology [12—15]. It was reported
that IFI16 could be regarded as a DNA sensor that is
implicated in the innate immune response, particularly
in defense against viral infections and activation of the
interferon gene pathway [15-17]. IFI16 and systemic
autoimmune disease have recently been connected by
several lines of evidence. SLE [18], Sjégren’s syndrome
[19, 20], systemic sclerosis [21] and rheumatoid arthritis
[22] have all been linked to anti-IFI16 antibodies. IFI16
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was detected in serum from patients with SLE, Sjégren’s
syndrome, systemic sclerosis, rheumatoid arthritis and
psoriasis [22-24]. Although aberrant IFI16 expression
was closely associated with SLE, its potential as a disease
biomarker for LN remains unclear. Moreover, there is no
information on IFI16 expression in renal biopsies from
LN patients.

To determine the significance of renal IFI16 expres-
sion in disease progression, we collected data from LN
patients and analyzed the renal IFI16 expression in rela-
tion to the disease severity and the prognosis. To explore
potential mechanisms of renal IFI16 in LN, we performed
Gene Set Enrichment Analysis (GSEA) and Gene Set
Variation Analysis (GSVA) as well as CIBERSORT to
assess the relationships of IFI16 expression with immune
infiltrating cells.

Methods

Identification of key biomarkers for LN using
bioinformatics

Renal glomeruli microarray datasets for patients with LN
and controls (GSE32591 and GSE99339) were obtained
from the GEO database (http://www.ncbi.nlm.nih.gov/
geo/) [25]. The 2 data sets were merged and used as
training sets. The Combat function in the R sva pack-
age was utilized to correct inter-batch differences [26].
The R limma package was used to identify differentially
expressed genes (DEGs) between patients with LN and
controls [27]. Criteria for defining DEGs were adjusted
P-value<0.05 and |log fold change (FC)|>1.5. Biologi-
cal processes and pathways associated with DEGs were
obtained using Gene Ontology (GO) and Kyoto Ency-
clopedia of Genes and Genomes (KEGG) enrichment
analysis, respectively [28]. The analyses were performed
with the clusterProfiler package in R. An adjusted
P-value<0.05 was regarded as statistically significant
[29]. R packages RandomForest [30], e1071 with fivefold
cross-validation [31], and glmnet [32] were used to con-
duct random forest (RF), support vector machine-recur-
sive feature elimination(SVM-RFE) and least absolute
shrinkage and selection operator(LASSO) logistic regres-
sion modeling, respectively, of disease status. Genes
detected by all 3 machine learning algorithms were cho-
sen as possible biomarkers. The GSE104948 data set was
used to validate the prediction efficiency of identified
gene biomarkers. Using mRNA expression data from the
training and validation sets separately, a receiver operat-
ing characteristic (ROC) curve was constructed for the
detected biomarkers. To evaluate diagnostic efficiency,
the area under the ROC curve (AUC) was calculated.
ROC curves were plotted with the R pROC package. A
two-sided P-value < 0.05 was statistically significant [10].
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Patients and sample collection

One hundred four patients from the First Hospital of Jilin
University were selected for IHC analysis between Feb-
ruary 2012 to December 2020. Patients were diagnosed
with SLE according to the 1997 American College of
Rheumatology revised criteria and had biopsy-proven
LN [33]. Renal disease control samples were obtained
from 12 individuals with diabetic kidney disease (DKD),
12 with minimal change disease (MCD) and 12 IgA
nephropathy (IgAN). Normal control (NC) tissue was
collected from the renal tissues next to renal cancerous
tissue from 14 patients with solitary renal cell carcinoma.
These renal samples were identified as normal via regu-
lar light microscopy, immunofluorescence, and electron
microscopy. Written informed consent was obtained
from each patient. The research followed the Declaration
of Helsinki and the design of this work was approved by
the ethical committees of the First Hospital of Jilin Uni-
versity (approval number: 2022—552).

Renal histopathology

Two independent pathologists assessed the renal histo-
pathology of LN patients according to the International
Society of Nephrology/Renal Pathology Society (ISN/
RPS) classification system [5]. All patients enrolled in
our study fulfilled the inclusion criteria of having at least
10 glomeruli in the renal biopsy, which is recommended
as the appropriate number of glomeruli for evaluation
[34]. Renal pathologists calculated pathologic param-
eters, including activity indices and chronicity indices,
with a system that involved semiquantitative scoring
of specific biopsy features as previously reported [5].
Endocapillary hypercellularity, neutrophils/karyorrhexis,
fibrinoid necrosis, hyaline deposits, cellular-fibrocellular
crescents, and interstitial inflammation were all activity
indices. Total glomerulosclerosis score, fibrous crescents,
tubular atrophy, and interstitial fibrosis were all consid-
ered chronicity indices.

Clinical parameters
The clinical and laboratory data of LN patients, including
age, sex, hypertension, fever, malar rash, oral ulcer, alo-
pecia, arthritis, serositis, neurological disorder, nephrotic
syndrome, SLE disease activity index (SLEDAI), leuko-
cytopenia, thrombocytopenia, hematuria, leukocyturia,
serum creatinine, serum C3, serum C4, albumin, 24-h
proteinuria, and anti-dsDNA antibody, were extracted
from the electronic medical records of the First Hospital
of Jilin University.

For of renal outcome endpoints, conversion of anti-
dsDNA antibodies from positive to negative and a>30%
reduction from baseline estimated glomerular filtration

Page 3 of 15

rate (eGFR) were included. Serum creatinine level was
used to calculate GFR according to the Chronic Kidney
Disease Epidemiology Collaboration eGFR equation [35].

Renal immunohistochemical (IHC) staining

Formalin-fixed paraffin-embedded renal sections from
LN patients, disease controls and normal controls were
deparaffinized in xylene and ethanol then rehydrated
in graded ethanol. Slides were heated in 0.01 M citrate
buffer pH 6.0 for 5 min to perform antigen retrieval.
Freshly produced 3% H,0O, was utilized to quench the
endogenous peroxidase activity for 10 min. Following an
overnight incubation with the primary antibody (anti-
IFI16 antibody, rabbit monoclonal, ab169788, Abcam,
Cambridge, UK) at 4 °C, sections were treated for an
hour with secondary antibodies (goat anti-mouse/rabbit,
Maixin Company, Fuzhou, China) at room temperature.
The 3, 3-diaminobenzidine (DAB) chromogenic sub-
strate was used with the Ultra-Sensitive TM S-P detec-
tion system Kit (Maixin Company, Fuzhou, China) for
visualization. Hematoxylin was used to subtly stain the
slides and OLYMPUS cellSens Entry microscopy system
was utilized for examination. The IHC staining results
were evaluated by Image-Pro Plus (version 6.0; Media
Cybernetics, Dallas, TX, USA) as the mean optical den-
sity (integrated option density/area). For quantitative
assessments, all glomeruli in a section and 10, 40 X high
power fields of tubulointerstitium per renal section were
counted blindly.

Multiplex immunofluorescence (IF) staining

Renal sections were heated for 5 min in either citrate
buffer (0.01 M, pH 6.0) or in Tris/EDTA buffer (1x, pH
8.5) to retrieve antigens. Slides were then incubated
with anti-IFI16 antibody (Abcam, Cambridge, UK),
anti-Wilms Tumor protein antibody (anti-WT1, Abcam,
Cambridge, UK), anti-CD31 (Maixin, Fuzhou, China),
anti-integrin-a8 (Anti-ITGA8, Sigma-Aldrich, Louis,
USA), anti-CD68 (Maixin, Fuzhou, China), anti-MPO
(anti-myeloperoxidase, Bio-techne, Minnesota, USA),
anti-CD3 (Maixin, Fuzhou, China), and anti-CD20
(Maixin, Fuzhou, China) antibodies, respectively or
successively. The TSA-RM 20U kit (Panovue, Beijing,
China), a multiplex immunofluorescence tyramide signal
amplification detection system, was used. Sections were
treated with secondary antibodies (goat anti-mouse/rab-
bit-HRP) for 30 min at room temperature and incubated
with fluorophore solution at dilution of 1:100. The cell
nucleus was stained with 4/,6-diamidino-2-phenylindole
(DAPI). Confocal Laser Scanning Fluorescence Micro-
scope (Olympus Fv-3000, Japan) was utilized to collect
fluorescence images.
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GSEA and GSVA analyses for IFI116

LN samples were divided into high and low expression
groups based on the median values of IFI16 expression
and assessed with GSEA and GSVA. The gene sets of “c5.
go.bp.v7.4.symbols” from the MSigDB database were
utilized to enrich the biological process pathways [36].
The GSVA algorithm was used to identify significantly
enriched KEGG pathways between groups [37].

Immune cell infiltration

The immunological characteristics of LN and control
were examined by the CIBERSORT deconvolution algo-
rithm. To exhibit the infiltration of 22 types of immune
cells, differences in glomerular tissues between LN
and control groups were visualized using a violin dia-
gram created with R ggplot2 package [38]. Associations
between IFI16 and immune infiltrating cells were further
analyzed by Spearman’s rank correlation analysis and vis-
ualized using the ggstatsplot and “ggplot2 R packages.

Statistical analysis

Statistical analyses were performed with SPSS (version
20.0, Chicago, IL, USA) and Prism 8 software (Graph-
Pad, San Diego, CA, USA). Student’s t-test or one-way
ANOVA for two or more independent samples were used
to analyze differences in quantitative parameters among
groups. Pearson’s test was used to evaluate correla-
tions between parametric variables. Spearman’s test was
used for nonparametric variables. To analyze prognostic
risk factors, Kaplan—Meier curves were generated and
compared by the log- rank test. P<0.05 was considered
significant.

Results
IF116 is a potential biomarker for LN diagnosis
by bioinformatics
LN patient samples (#=62) and controls (n=25) from 2
GEO data sets (GSE32591 and GSE99339) were re-ana-
lyzed. In total, 100 DEGs were identified: 85 were signifi-
cantly upregulated, and 15 were downregulated (Fig. 1A).
GO analysis of the DEGs indicated that immune-related
processes were enriched (Fig. 1B). DEGs were mostly
engaged in signaling pathways such as the NOD-like
receptor, NF-kappa B, and Toll-like receptor signaling
according to KEGG pathway enrichment (Fig. 1C).
LASSO logistic regression, SVM-RFE, and RF algo-
rithms identified 14, 2 and 30 DEGs, respectively, as
potential biomarkers (Fig. 1D-F). IFI16 was considered
a good candidate for LN prediction as it was identified
using all 3 algorithms (Fig. 1G). With respect to diag-
nostic efficiency, we mapped the expression of IFI16 in
each sample and produced ROC curves. IFI16 expression
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was significantly higher in the LN group (p=3.7x107")
and successfully distinguished LN from NC, MCD, and
DKD samples with AUCs of 1.000 (95% CI 1.000—1.000;
Fig. 1H&I). IFI16 was also strongly expressed in the LN
group (p=0.0002 in the GSE104948 dataset which con-
sisted of 32 LN patients and 26 controls (AUC of 0.786
(95% CI 0.660-0.893)), further validating its diagnostic
efficiency (Fig. 1J&K). These results suggest that IFI16
expression has high potential for LN diagnosis.

IF116 is highly expressed in the kidney of LN patients

To further validate the expression of IFI16 in the kidney,
we performed IHC staining on biopsy samples from 104
LN patients and 50 controls (including 12 MCD, 12 DKD,
12 IgAN and 14 NC samples). The general clinical infor-
mation and pathologic data of recruited LN patients from
the Frist Hospital of Jilin University were listed in Sup-
plementary Table 1.

IHC showed that IFI16 was mainly expressed in the
nuclei of cells in the glomerular and tubulointerstitial
regions of the kidney in LN patients (Fig. 2A). In com-
parison to MCD, DKD, IgAN and NC samples, IFI16
expression was considerably greater in the glomerular
and tubulointerstitial regions of LN patients (Fig. 2B&C).
Regarding different pathological classes of LN, glomeru-
lar IFI16 expression was significantly higher in class IV
LN patients compared to class II, III and V (Fig. 2D).
The mean optical densities of the glomerular IFI16 were:
class II: 0.0103+0.002; class III: 0.0159+0.0059; class
1V:0.0212+0.0072; class V: 0.0114+0.0021(class II vs
1V, P=0.0015; class III vs IV, P=0.0077; class IV vs YV,
P=0.0015). However, no significant difference of IFI16
expression was found in the tubulointerstitium between
different LN pathological class (Fig. 2E). These data indi-
cate that glomerular IFI16 may be involved in the pro-
gression of LN.

Colocalization of IFI16 expression with renal cells in LN
patients

To examine the expression atlas of IFI16 and analyze its
spatial relationships in various renal cell populations,
multiplex immunofluorescence staining was carried out.
IFI16 co-localized well with podocytes, mesangial cells,
and glomerular endothelial cells in LN patients (Fig. 3).
Additionally, IFI16 co-localized well with infiltrating
inflammatory cells, including monocytes, T-lympho-
cytes, B-lymphocytes and neutrophils, in both glomeru-
lar and tubulointerstitial areas (Fig. 3, Supplementary
Fig. 1). In normal renal tissues, IFI16 co-localized well
with podocytes, mesangial cells and endothelial cells
of the glomerulus, as well as co-localized well with the
endothelial cells of tubulointerstitial area (Supplementary
Fig. 2). These co-localization data indicate that both a
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Fig. 1 Bioinformatics analysis to identify key biomarkers in LN. A Volcano plots of the differentially expressed genes (DEGs). Red: genes upregulated
in LN; green: genes downregulated in LN. B GO functional enrichment for the DEGs. C KEGG pathway enrichment for the DEGs. D Candidate
diagnostic marker genes identified using LASSO logistic regression. E Candidate diagnostic marker genes identified using SYM-RFE. F Candidate
diagnostic marker genes identified using RF algorithm. G Venn diagram of candidate diagnostic genes identified using three algorithms. H The
difference in expression of IFI16 in training set. I ROC curve for IFI16 using the training set. J The difference in expression of IFI16 in validation set.

K ROC curve for IFI16 using validation set

variety of renal cells and inflammatory cells that infiltrate
the kidney express IFI16.

Clinicopathological significance of renal IFI16 expression

in LN patients

To assess the clinicopathological significance of IFI16, we
analyzed the relationship between renal IFI16 expression
and severity of renal pathology. Glomerular [FI16 expres-
sion was positively correlated with the total pathological
activity index (AI) (Fig. 4A; r=0.6955, P<0.0001) as well
as several activity indices, including endocapillary hyper-
cellularity, neutrophils/karyorrhexis, and cellular-fibro-
cellular crescents (Fig. 4E—G). However, no association
between glomerular IFI16 expression and total chronic-
ity index (CI) was found (Fig. 4B). Although there was no
significant correlation between IFI16 expression in the
tubulointerstitial region and total Al (Fig. 4C; r=0.1752,
P=0.0769), there was a significant association between
higher tubulointerstitial IFI16 expression and interstitial

inflammation in LN patients (Fig. 4H; P=0.0007). Addi-
tionally, IFI16 expression in the tubulointerstitium was
substantially higher in the LN patients with renal chro-
nicity (CI>1) than those without chronicity (CI=0;
Fig. 4D). Higher tubulointerstitial IFI16 expression was
also seen in conjunction with interstitial fibrosis and
tubular atrophy (Fig. 41&]).

The associations between LN patient clinical param-
eters and expression of IFI16 in the kidney was also
evaluated. Glomerular IFI16 expression was positively
correlated with SLEDAI scores (r=0.4829, P<0.0001),
serum creatinine (»=0.3704, P=0.0001), and the
amount of hematuria (r=0.3136, P=0.0012), while neg-
atively related to baseline complement C3 (r=-0.3122,
P<0.0001), C4 (r=-0.3001, P=0.002), and eGFR
(r=-0.4014, P<0.0001) (Fig. 5A-K). For tubulointersti-
tial IFI16 expression, there was positive association with
SLEDAI scores (r=0.3344, P=0.0005) and serum cre-
atinine (r=0.2894, P=0.0029), negative correlation with
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Fig. 2 Immunohistochemistry staining of IFI16 in renal specimens. A Immunohistochemical staining of IFI16 in the glomeruli (above) and
tubulointerstitium (below) of LN patients, DKD patients, MCD patients and NC (400x). B The mean optical density of IFI16 in the glomeruli and (C)
tubulointerstitium. D The mean optical density of IFI16 in the glomeruli and (E) tubulointerstitium in different LN subclasses (class I, Ill, IV, V)

eGFR (r=-0.2516, P=0.01), and no obvious relation-
ship with C3, C4, or the amount of hematuria (Fig. 5I-
N). Additionally, LN patients were divided into two
groups according to the mean optical density of IFI16
expression (The mean optical densities of IFI16 expres-
sion were: glomerular high group=0.0252+0.0048
and low group=0.0141+0.0048; tubulointerstitial high
group=0.0681 +0.0145 and low group =0.0335 + 0.0083).
Obvious differences in the clinical characteristics of
LN patients with high versus low IFI16 expression were
observed (Supplementary Table 2). The results implied
that higher renal IFI16 expression was associated with
severe disease activity.

Renal IFI16 expression is correlated with of LN patient
prognosis.

After excluding patients with incomplete follow-up
data, a total of 52 patients were analyzed for progno-
sis. High IFI16 expression in the glomeruli or glomer-
uli combined with tubulointerstitium was a risk factor
for prognosis and could predict a lower probability
of anti-dsDNA antibodies conversion to negative as
well as a higher probability of 30% reduction of base-
line eGFR (Fig. 6A, C, D &F). Although there was no
statistically significant IFI16 expression in the tubu-
lointerstitium, there was a tendency for LN patients
with higher IFI16 expression to have poorer prognosis
(Fig. 6B&E). Based on multivariate Cox hazard analysis,

IFI16 expression in the glomeruli as well as glomeruli
combined with tubulointerstitium were both independ-
ent risk factors for the outcome after adjusting for age,
sex, proteinuria, baseline eGFR and hypertension [anti-
dsDNA antibodies conversion to negative: glomeruli
(95% CI 1.84E-142, 5.63E-73), P<0.001; glomeruli
combined with tubulointerstitium (95% CI 1.01E-13,
0.5030), P=0.040] [30% reduction of baseline eGFR:
glomeruli (95% CI 2.85E+13, 4.09E+58), P=0.0018;
glomeruli combined with tubulointerstitium (95% CI
1.096, 9.59E +10), P=0.048]. These findings suggest
that worsening prognosis in LN patients is related to
increased IFI16 expression in the kidney.

GSEA and GSVA: IFI16 is involved

in the immunopathogenesis of LN

To explore the potential mechanisms of IFI16 in the
progression of LN, GSEA and GSVA analyses were
carried out. GSEA results indicated obvious enrich-
ment of activation immune response, adaptive immune
response, and alpha/beta T-cell activation in patients
with higher expression of IFI16 (Fig. 7A). In addition,
GSVA analysis showed that higher IFI16 expression
was closely associated with activation of several meta-
bolic pathways (amino acids metabolism and fatty acid
metabolism), and inhibition of certain signaling path-
ways, including Toll-like receptor, chemokine,and Nod-
like receptor signaling (Fig. 7B). Both GSEA and GSVA
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IF116 Cell markers Merge Amplified

Fig. 3 Multiplex immune fluorescence staining of glomerular IFI16 expression and renal cells in LN patients. Co-localization of IFI16 (green) with
(A)WT1 (red) (marker of podocyte), B CD31 (red) (marker of endothelial cells), and C ITGA8 (red) (marker of mesangial cell). Co-localization of IFI16
(green) with D CD3 (red) (marker of T lymphocytes), E CD20 (red) (marker of B lymphocytes), F CD68 (red) (marker of monocyte cells), and G MPO
(red) (marker of neutrophiles)
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results implied that IFI16 may contribute to the devel-
opment of LN via immune-related processes.

Immune-related factors are crucial for the involvement

of IFI16 in LN

Considering that immune-related processes play crucial
roles in the progression of LN, we investigated the immu-
nological characteristics of LN through the CIBERSORT
algorithm. Monocytes and M2 macrophages were more
prevalent in the LN samples than in the control samples,
while memory B cells, T follicular helper cells, M1 mac-
rophages, and neutrophils were less prevalent (Fig. 8A).
Notably, IFI16 expression had positive correlations with
the infiltration of monocytes and activated dendritic
cells, but negative correlations with resting dendritic

cell infiltration, memory B cells, M1 macrophages, and
resting T cell CD4 memory (Fig. 8B; r=0.31, P=0.015;
r=0.25, P=0.046; r=-0.28, P=0.027; r=-0.32, P=0.012;
r=-0.38, P=0.003; r=-0.4, P=0.001, respectively),
implying the importance of immune-related factors for
the engagement of IFI16 in LN.

Discussion

Given the insidious symptoms at the early stage and lack
of reliable predictors of disease progression, treatments for
LN are still unsatisfactory nowadays [39]. Recently, bio-
informatics combined with machine learning algorithms
were utilized to discover potential diagnostic markers [10].
In this study, we first identified IF116 as the candidate diag-
nostic marker of LN by conducting the abovementioned
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combined methods. Subsequently, expression of IFI16
was detected in the kidneys of LN patients through IHC
technique. We found IFI16 expression in kidney biopsies
from 104 LN patients. Renal IFI16, which was higher in
LN patients, was significantly correlated with the severity
of renal involvement. Specifically, glomerular IFI16 expres-
sion was mainly correlated with renal pathological activ-
ity indices, while tubulointerstitial IFI16 expression was
mainly correlated with renal pathological chronicity indi-
ces. Meanwhile, higher levels of IF116 were associated with
higher SLEDAI scores, serum creatinine, as well as hema-
turia and lower baseline eGFR as wells as serum comple-
ments C3 and C4. Apart from that, higher IFI16 expression
was closely related to worsening prognosis in LN patients.
Our study provides novel insight into predicting LN clini-
cal outcomes by renal biopsy.

IFI16 belongs to the interferon-inducible p200-protein
family, which was initially detected in a wide variety of
hematopoietic tissues [11, 40]. p200 proteins like IFI16 are
constitutively detected in nonhematopoietic tissues, includ-
ing the gastrointestinal tract, trachea, endothelial cells and
stratified squamous epithelia of the skin and mucosae [41,
42]. In 2006, Mondini et al. pioneered the detection of
IFI16 expression in skin tissues from individuals with SLE
and systemic sclerosis [43]. They found that the expression
of IFI16 was greatly increased and ubiquitous in all layers
of the epidermis in lesioned skin from both patients with
SLE and those with systemic sclerosis. In contrast, IFI16
was only found in the basal layer of the epidermis in healthy
controls. In the same setting, dermal infiltrating inflam-
matory cells were positive for IFI16 staining. Vanhove
et al. demonstrated that expression of IFI16 was increased
in mucosa affected by active inflammatory bowel disease
compared to normal mucosa [44]. Similarly, in the current
study and for the first time to our knowledge, using IHC
we detected IFI16 expression in renal biopsies from LN
patients. Furthermore, multiplex IF staining showed that
IFI16 co-localizes with certain renal cells and infiltrating
inflammatory cells, indicating that IFI16 may contribute to
the progression of LN via diversified mechanisms.

Biologically, IFI16 has been shown to down-regulate
cell proliferation and increase apoptosis in several cell
types. It was reported that IFI16 inhibits cell prolifera-
tion by impairing progression of the cell cycle at the G1-S
phase transition [45]. Additionally, some studies suggest
that IFI16 may act as an endogenous regulator of tel-
omerase activity which contributes to inhibition of cell
proliferation [45]. Furthermore, increasing studies have
demonstrated that IFI16 collaborates with the p53 and
p53-protein family members to stimulate the expression
of the p21 gene and inhibit cell proliferation [46]. In our
study, glomerular IFI16 in class IV, severe, diffuse prolifer-
ative LN was significantly higher than that in class III and
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11, focal, mild proliferative LN. In fact, in 2002, Gariglio
et al. found high levels of IFI16 in stratified squamous
epithelia with rapid proliferation. However, IFI16 is not
uniformly expressed in stratified squamous epithelia; it is
strongly detected in cells of the basal layer and gradually
disappears as the cells migrate toward the superficial layer
[41]. Thus, IFI16 expression in these rapidly proliferating
epithelial cells as well as the higher IFI16 expression in
severe proliferative LN in our study do not correlate with
its capacity to inhibit cell proliferation, suggesting that
IFI16 performs a function other than growth suppression.

GSEA results for our data indicated that high expres-
sion of IFI16 is enriched in both the active and adaptive
immune responses as well as during alpha/beta T-cell
activation. Meanwhile, the results of CIBERSORT algo-
rithm showed that IFI16 expression positively correlated
with monocyte infiltration and dendritic cell activated
infiltration in the kidney. Considering the biological func-
tion of alpha/beta T-cells, monocytes, and dendritic cells,
our GSEA and CIBERSORT results of high IFI16 expres-
sion enrichment during the adaptive immune response,
alpha/beta T-cell activation, and monocyte and den-
dritic cell activated infiltration in the kidney suggest that
renal IFI16 may be engaged in the local adaptive immune
response in the patients with LN [47-49]. Additionally,
comparative analysis of transcription profiles of activated
T lymphocytes revealed significant upregulation of IFI16
expression in CD4+and CD8+ T cells, suggesting a func-
tional role of IFI16 in the activation of certain T cell sub-
sets [50]. Similarly, we found that IFI16 co-localized with
infiltrating inflammatory cells in LN renal tissues, includ-
ing monocytes, T-lymphocytes and B-lymphocytes. This
also supports the conclusion that IFI16 engages in the
renal adaptive immune response in patients with LN.
The mechanism of enhanced renal IFI16 expression and
whether IFI16 could be a potential therapeutic target in
LN patients need to be further studied.

Our present study has some limitations. First, it was
only a single-center retrospective study. Second, the
results of the prognostic analysis may be biased as a
result of a relatively high percentage of patients being lost
to follow-up. In light of this, we look forward to a further
multi-center prospective study with more complete prog-
nostic data to explore the role of IFI16 in LN.

Conclusions

Renal IFI16 expression was associated with overall
enhanced disease activity and worse prognosis in LN
patients. Renal IFI16 could be a biomarker for disease
activity and prognosis of LN patients, shedding light on
predicting the renal response and the development of
precise therapy for LN.
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IHC Immunohistochemistry
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ROC Receiver operating characteristic
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Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/513075-023-03094-8.

[ Additional file 1. }

Acknowledgements

The authors thank the contributors to the GEO database (http://www.ncbi.
nlm.nih.gov/geo/) for sharing data and the technical staff of the Central Labo-
ratory of the First Hospital of Jilin University for help with experiments.

Authors’ contributions

XW.and S.F. conceived, designed the research, conducted the bioinformatics
analysis and wrote original draft of the manuscript. J.Y, L.Z, LW, JW.and Y.T.
curated and analyzed date. M., H.Y. and H.W. helped in data collection and
manuscript editing. Z.X. supervised the study and reviewed the manuscript.
All authors contributed to the study and approved the final version.

Funding
This study was supported by grant from Natural Science Foundation of Jilin
Province (No. 20210101348JC).

Availability of data and materials

The datasets presented in this study can be found in online repositories. The
names of the repository/repositories and accession number(s) can be found in
the article. Further inquiries can be directed to the corresponding authors.

Declarations

Ethics approval and consent to participate

The studies involving human participants were reviewed and approved by the
Ethical Institutions of the First Hospital of Jilin University (Changchun, China;
approval no.2022-552).

Consent for publication
Not applicable.

Page 14 of 15

Competing interests
The authors declare no competing interests.

Author details

Department of Nephrology, The First Hospital of Jilin University, Changchun,
China. 2Department of Renal Pathology, The First Hospital of Jilin University,
Changchun, China. *Department of Pathology, Basic Medical College of Jilin
University, Changchun, China. *Central Laboratory, The First Hospital of Jilin
University, Changchun, China.

Received: 19 February 2023 Accepted: 19 June 2023
Published online: 01 July 2023

References

1. YuF, Haas M, Glassock R, Zhao MH. Redefining lupus nephritis:
clinical implications of pathophysiologic subtypes. Nat Rev Nephrol.
2017;13(8):483-95.

2. WuH, ZhenY,Ma Z LiH,YuJ, Xu Z-G, et al. Arginase-1-dependent
promotion of T,;17 differentiation and disease progression by MDSCs in
systemic lupus erythematosus. Sci Transl Med. 2016;8(331):331ra40.

3. Zhangl, Lee G, Liu X, Pascoe EM, Badve SV, Boudville NC, et al. Long-term
outcomes of end-stage kidney disease for patients with lupus nephritis.
Kidney Int. 2016;89(6):1337-45.

4. Parodis I, Tamirou F, Houssiau FA. Prediction of prognosis and renal out-
come in lupus nephritis. Lupus Sci Med. 2020;7(1): e000389.

5. Bajema IM, Wilhelmus S, Alpers CE, Bruijn JA, Colvin RB, Cook HT, et al.
Revision of the international society of nephrology/renal pathology
society classification for lupus nephritis: Clarification of definitions, and
modified national institutes of health activity and chronicity indices.
Kidney Int. 2018;93(4):789-96.

6. Austin HA, 3rd, Muenz LR, Joyce KM, Antonovych TA, Kullick ME, Klippel
JH, et al. Prognostic factors in lupus nephritis. Contribution of renal histo-
logic data. Am J Med. 1983;75(3):382-91.

7. Platt JF, Rubin JM, Ellis JH. Lupus nephritis: predictive value of con-
ventional and Doppler US and comparison with serologic and biopsy
parameters. Radiology. 1997,203(1):82-6.

8. Schwartz MM, Bernstein J, Hill GS, Holley K, Phillips EA. Predictive value of
renal pathology in diffuse proliferative lupus glomerulonephritis. Lupus
Nephritis Collaborative Study Group. Kidney Int. 1989;36(5):891-6.

9. XiongT, Lv XS, Wu GJ, Guo YX, Liu C, Hou FX, et al. Single-cell sequencing
analysis and multiple machine learning methods identified GOS2 and
HPSE as novel biomarkers for abdominal aortic aneurysm. Front Immu-
nol. 2022;13:907309.

10. FuS, ChengY, Wang X, Huang J, Su S, Wu H, et al. Identification of diag-
nostic gene biomarkers and immune infiltration in patients with diabetic
kidney disease using machine learning strategies and bioinformatic
analysis. Front Med (Lausanne). 2022;9: 918657.

11. Gariglio M, Mondini M, De Andrea M, Landolfo S. The multifaceted
interferon-inducible p200 family proteins: from cell biology to human
pathology. J Interferon Cytokine Res. 2011;31(1):159-72.

12. Song LL, Alimirah F, Panchanathan R, Xin H, Choubey D. Expression of an
IFN-inducible cellular senescence gene, IFI16, is up-regulated by p53. Mol
Cancer Res. 2008;6(11):1732-41.

13. Bawadekar M, De Andrea M, Lo Cigno |, Baldanzi G, Caneparo V, Graziani
A et al. The extracellular IFI16 protein propagates inflammation in
endothelial cells via p38 MAPK and NF-kB p65 activation. J Interferon
Cytokine Res. 2015;35(6):441-53.

14. Asefa B, Klarmann KD, Copeland NG, Gilbert DJ, Jenkins NA, Keller JR.
The interferon-inducible p200 family of proteins: a perspective on their
roles in cell cycle regulation and differentiation. Blood Cells Mol Dis.
2004;32(1):155-67.

15. CaneparoV, Landolfo S, Gariglio M, De Andrea M. The absent in mela-
noma 2-Like Receptor IFN-inducible protein 16 as an inflammasome
regulator in systemic lupus erythematosus: The dark side of sensing
microbes. Front Immunol. 2018;9:1180.

16. Dell'Oste V, Gatti D, Giorgio AG, Gariglio M, Landolfo S, De Andrea M. The
interferon-inducible DNA-sensor protein IFI16: a key player in the antiviral
response. New Microbiol. 2015;38(1):5-20.


https://doi.org/10.1186/s13075-023-03094-8
https://doi.org/10.1186/s13075-023-03094-8
http://www.ncbi.nlm.nih.gov/geo/
http://www.ncbi.nlm.nih.gov/geo/

Wang et al. Arthritis Research & Therapy ~ (2023) 25:112

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33

34.

35.

36.

37.

38.

39.

40.

Briard B, Place DE, Kanneganti TD. DNA sensing in the innate immune
response. Physiol (Bethesda). 2020;35(2):112-24.

CaneparoV, CenaT, De Andrea M, Dell'oste V, Stratta P, Quaglia M, et al.
Anti-IF116 antibodies and their relation to disease characteristics in
systemic lupus erythematosus. Lupus. 2013;22(6):607-13.

Alunno A, Caneparo V, Carubbi F, Bistoni O, Caterbi S, Bartoloni E, et al.
Interferon gamma-inducible protein 16 in primary Sjégren’s syndrome: A
novel player in disease pathogenesis? Arthritis Res Ther. 2015;17(1):208.
Baer AN, Petri M, Sohn J, Rosen A, Casciola-Rosen L. Association of anti-
bodies to interferon-inducible protein-16 with markers of more severe
disease in primary Sjogren’s syndrome. Arthritis Care Res (Hoboken).
2016;68(2):254-60.

McMahan ZH, Shah AA, Vaidya D, Wigley FM, Rosen A, Casciola-Rosen

L. Anti-interferon-inducible protein 16 antibodies associate with

digital gangrene in patients with scleroderma. Arthritis Rheumatol.
2016;68(5):1262-71.

Alunno A, Caneparo V, Bistoni O, Caterbi S, Terenzi R, Gariglio M, et al.
Circulating interferon-inducible protein IFI16 correlates with clinical and
serological features in rheumatoid arthritis. Arthritis Care Res (Hoboken).
2016;68(4):440-5.

De Andrea M, De Santis M, Caneparo V, Generali E, Sirotti S, Isailovic N,
et al. Serum IFI16 and anti-IFI16 antibodies in psoriatic arthritis. Clin Exp
Immunol. 2020;199(1):88-96.

Gugliesi F, Bawadekar M, De Andrea M, Dell'Oste V, Caneparo V, Tincani
A, et al. Nuclear DNA sensor IFI16 as circulating protein in autoimmune
diseases is a signal of damage that impairs endothelial cells through
high-affinity membrane binding. PLoS ONE. 2013;8(5): e63045.

Barrett T, Wilhite SE, Ledoux P, Evangelista C, Kim IF, Tomashevsky M, et al.
NCBI GEO: archive for functional genomics data sets—update. Nucleic
Acids Res. 2013;41(D1):991-5.

Leek JT, Johnson WE, Parker HS, Jaffe AE, Storey JD. The sva package for
removing batch effects and other unwanted variation in high-through-
put experiments. Bioinformatics. 2012;28(6):882-3.

Liu J, Zhou S, Li S, Jiang Y, Wan Y, Ma X, et al. Eleven genes associated
with progression and prognosis of endometrial cancer (EC) identified by
comprehensive bioinformatics analysis. Cancer Cell Int. 2019;19:136.
Fu'S, ZhouY, Hu C, Xu Z, Hou J. Network pharmacology and molecular
docking technology-based predictive study of the active ingredients and
potential targets of rhubarb for the treatment of diabetic nephropathy.
BMC complementary medicine and therapies. 2022;22(1):210.

Wu T, HUE, XuS, Chen M, Guo P, Dai Z, et al. clusterProfiler 4.0: A uni-
versal enrichment tool for interpreting omics data. Innovation (Camb).
2021,;2(3):100141.

Toth R, Schiffmann H, Hube-Magg C, Buscheck F, Hoflmayer D, Weide-
mann S, et al. Random forest-based modelling to detect biomarkers for
prostate cancer progression. Clin Epigenetics. 2019;11(1):148.

Lin X, Li C, Zhang Y, Su B, Fan M, Wei H. Selecting feature subsets based
on SVM-RFE and the overlapping ratio with applications in bioinformat-
ics. Molecules. 2017;23(1):52.

Jerome F, Trevor H, Rob T. Regularization paths for generalized linear
models via coordinate descent. J Stat Softw. 2010;33(1):1-22.

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

Corwin HL, Schwartz MM, Lewis EJ. The importance of sample size in the
interpretation of the renal biopsy. Am J Nephrol. 1988;8(2):85-9.

Levey AS, Stevens LA, Schmid CH, Zhang YL, Castro AF 3rd, Feldman HI,
et al. A new equation to estimate glomerular filtration rate. Ann Intern
Med. 2009;150(9):604-12.

Li S, Zhang Q, Chen Z, Huang Z, Zhang L, Chen F. Novel insight into
ferroptosis-related genes, molecular subtypes, and immune characteris-
tics in intracranial aneurysms. Inflamm Res. 2022;71(10-11):1347-64.
Hénzelmann S, Castelo R, Guinney J. GSVA: gene set variation analysis for
microarray and RNA-seq data. BMC Bioinform. 2013;14:7.

Kawada JI, Takeuchi S, Imai H, Okumura T, Horiba K, Suzuki T, et al.
Immune cell infiltration landscapes in pediatric acute myocarditis ana-
lyzed by CIBERSORT. J Cardiol. 2021;77(2):174-8.

Davidson A, Aranow C, Mackay M. Lupus nephritis: challenges and pro-
gress. Curr Opin Rheumatol. 2019;31(6):682-8.

Dawson MJ, Elwood NJ, Johnstone RW, Trapani JA. The IFN-inducible
nucleoprotein IFI 16 is expressed in cells of the monocyte lineage, but is

Page 15 of 15

rapidly and markedly down-regulated in other myeloid precursor popula-
tions. J Leukoc Biol. 1998:64(4):546-54.

41. Gariglio M, Azzimonti B, Pagano M, Palestro G, De Andrea M, Valente G,
et al. Immunohistochemical expression analysis of the human interferon-
inducible gene IFI16, a member of the HIN200 family, not restricted to
hematopoietic cells. J Interferon Cytokine Res. 2002;22(7):815-21.

42. WeiW, Clarke CJ, Somers GR, Cresswell KS, Loveland KA, Trapani JA, et al.
Expression of IFI 16 in epithelial cells and lymphoid tissues. Histochem
Cell Biol. 2003;119(1):45-54.

43, Mondini M, Vidali M, De Andrea M, Azzimonti B, Aird P, D’Ambrosio R, et al.
A novel autoantigen to differentiate limited cutaneous systemic sclerosis
from diffuse cutaneous systemic sclerosis: the interferon-inducible gene
IFI16. Arthritis Rheum. 2006;54(12):3939-44.

44, Vanhove W, Peeters PM, Staelens D, Schraenen A, Van der Goten J,
Cleynen |, et al. Strong upregulation of AIM2 and IFI16 inflammasomes in
the mucosa of patients with active inflammatory bowel disease. Inflamm
Bowel Dis. 2015;21(11):2673-82.

45, Clarke CJ, Hii LL, Bolden JE, Johnstone RW. Inducible activation of IFI 16
results in suppression of telomerase activity, growth suppression and
induction of cellular senescence. J Cell Biochem. 2010;109(1):103-12.

46. Liao JC, Lam R, Brazda V, Duan S, Ravichandran M, Ma J, et al. Interferon-
inducible protein 16: insight into the interaction with tumor suppressor
p53. Structure. 2011;19(3):418-29.

47. Aparicio P, Alonso JM, Toribio ML, Gutierrez JC, Pezzi L, Martinez C. Dif-
ferential growth requirements and effector functions of alpha/beta and
gamma/delta human T cells. Immunol Rev. 1989;111:5-33.

48. Kratofil RM, Kubes P, Deniset JF. Monocyte Conversion During Inflamma-
tion and Injury. Arterioscler Thromb Vasc Biol. 2017,37(1):35-42.

49. Geissmann F, Manz MG, Jung S, Sieweke MH, Merad M, Ley K. Devel-
opment of monocytes, macrophages, and dendritic cells. Science.
2010;327(5966):656-61.

50. Wang M, Windgassen D, Papoutsakis ET. Comparative analysis of tran-
scriptional profiling of CD3+, CD4+ and CD8+ T cells identifies novel
immune response players in T-cell activation. BMC Genomics. 2008;9:225.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC




	Renal interferon-inducible protein 16 expression is associated with disease activity and prognosis in lupus nephritis
	Abstract 
	Background 
	Methods 
	Results 
	Conclusion 

	Background
	Methods
	Identification of key biomarkers for LN using bioinformatics
	Patients and sample collection
	Renal histopathology
	Clinical parameters
	Renal immunohistochemical (IHC) staining
	Multiplex immunofluorescence (IF) staining
	GSEA and GSVA analyses for IFI16
	Immune cell infiltration
	Statistical analysis

	Results
	IFI16 is a potential biomarker for LN diagnosis by bioinformatics
	IFI16 is highly expressed in the kidney of LN patients
	Colocalization of IFI16 expression with renal cells in LN patients
	Clinicopathological significance of renal IFI16 expression in LN patients
	Renal IFI16 expression is correlated with of LN patient prognosis.
	GSEA and GSVA: IFI16 is involved in the immunopathogenesis of LN
	Immune-related factors are crucial for the involvement of IFI16 in LN

	Discussion
	Conclusions
	Anchor 28
	Acknowledgements
	References


