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Objective: The goal is to discover novel circulating immune complexes (ICx) in the serum
of lupus nephritis (LN) as potential biomarkers.

Methods: Protein A/G magnetic beads or C1q-coated plates were used to capture ICx in
the serum of LN, followed by the identification of immunoglobulin-binding proteins using
liquid chromatography and tandem mass spectrometry (LC-MS/MS). Bioinformatic
approaches and single-cell RNA sequencing (scRNA Seq) databases were used to
select potential candidate ICx markers in LN. The selected ICx markers were further
validated using ELISA.

Results: A total of 300 immunoglobulin-binding proteins were discovered in the
screening, among which 77 proteins were detectable only in LN samples.
Bioinformatics-assisted selection allowed us to further identify 10 potential
immunoglobulin-binding proteins, which form ICx as potential biomarkers in LN. In a
validation cohort of 62 LN patients and 21 healthy controls (HC), we found that prolyl 3-
hydroxylase 1 (P3H1), phosphatase and actin regulator 4 (PHACTR4), and regulator of G-
protein signaling 12 (RGS12) ICx exhibited discriminative capability in distinguishing LN
from HC, with an area under the curve (AUC) values of 0.82, 0.99, and 0.90, respectively.
Furthermore, a biomarker panel comprising CD14, CD34, cystatin A, myocyte enhancer
factor 2C (MEF2C), RGS12, and ubiquitin C (UBC) ICx could distinguish active LN from
inactive LN with an AUC value of 0.85, which is comparable to or better than pathological
parameters such as renal activity index (AI) and renal chronicity index (CI).

Conclusion: Immunoproteomics-based discovery studies have enabled us to identify
circulating immune complexes as potential biomarkers of LN.

Keywords: immunoproteomics, immune complex (ICx), biomarkers, biomarker panel, systemic lupus
erythematosus, lupus nephritis
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INTRODUCTION

Systemic lupus erythematosus (SLE) is a multifactorial and
heterogeneous autoimmune disease , manifested by
autoantibody production and altered type I interferon
expression and regulation (1–3). About 60% of SLE patients
are eventually advanced into potentially fatal lupus nephritis
(LN) (4, 5). LN is a leading cause of mortality in SLE patients,
and the treatment of LN has become a significant social and
economic burden in the United States (6). Unfortunately, the
diagnosis or disease monitoring of SLE or LN is suboptimal. The
current gold standard for clinical diagnosis of LN is renal biopsy,
which is invasive and may cause kidney damage (7, 8). Using
serum for a liquid biopsy is minimally invasive; therefore, serum
biomarkers may have great potential in the diagnosis and disease
monitoring of LN patients in clinical settings. Given the
heterogenetic nature and unmet needs in precision diagnosis
and classification of SLE/LN patients for personalized
medication, identification of novel biomarkers, particularly in
the form of a biomarker panel, is of paramount importance (9).
Omics studies are promising in the discovery of novel serum
biomarkers which may aid in accurate diagnosis and disease
monitoring of LN clinically (10, 11). Robust serum biomarkers
may also be useful in developing point-of-care systems that can
be used for home testing of LN.

IgG antinuclear autoantibodies (ANA) against components
such as DNA and nucleoprotein are commonly found in the
glomeruli and serum of individuals with LN (12). The etiology of
LN involves antibody binding to multiple autoantigens (AAgs)
(13). Through the Fc–FcR interaction, the intracellular or
extracellular AAgs can bind to specific autoantibodies to form
immune complexes (ICx), which as a double-edged sword may
exert pathological effects or beneficial regulatory effects,
depending on the antigen–antibody ratio, antibody subclass,
and antigen subcellular location (14, 15). Therefore, disease-
associated ICx, particularly AAgs, may not only contribute to the
pathogenesis of the disease but also serve as disease biomarkers
in autoimmune diseases such as SLE and LN.

Omics technologies, such as genomics, transcriptomics,
proteomics, and metabolomics, are rapidly evolving which enable
the discovery of putative biomarkers in SLE (16). In particular,
single-cell RNA sequencing (scRNA Seq) allows us to investigate
transcriptomic profiles at a single-cell resolution, in which the
function of rare cell populations and the information on
communication among different cell types can extend our
understanding of the pathogenesis and heterogeneity of SLE (17).
A single-cell analysis of intrinsic renal cells and infiltrating cells
from patients with LN may be helpful in defining the pathways of
renal injury at a cellular level (18). However, identifying a clinically
Abbreviations: ICx, immune complexes; LN, lupus nephritis; HC, healthy control;
GN, glomerulonephritis; SLE, systemic lupus erythematosus; ROC, receiver
operating curve; AUC, area under the curve; AI, renal Activity Index; CI, renal
Chronicity Index; GO, Gene Ontology; BCRs, B cell receptors; scRNA Seq, single-
cell RNA sequencing; DEGs, differentially expressed genes; PCA, principal
component analysis; KEGG, Kyoto Encyclopedia of Genes and Genomes;
DAVID, Database for Annotation, Visualization and Integrated Discovery;
LC-MS/MS, liquid chromatography and tandem mass spectrometry.
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useable biomarker of SLE/LN is still challenging due to two major
issues: (1) heterogeneity of SLE where multifactorial pathogenesis
may involve various molecular or signaling pathways in different
patients; (2) difficulty in standardization of omics technological
platforms and experimental systems which may result in variable
preliminary data. To tackle these challenges, we aimed to combine
the immunocapture-based proteomics approach with
bioinformatics and existing scRNA Seq databases to pinpoint
clinically useful biomarkers in SLE or LN.
MATERIALS AND METHODS

Reagents
Protein A- or G-coated magnetic beads were purchased from
Millipore Sigma (Saint Louis, MO). The native human C1Q was
purchased from Abcam (Boston, MA, USA). Papain solution was
purchased from Millipore Sigma, MO. The CD14, CD34, CSTA,
UBC, and BST1 antibodies were purchased from R&D Systems
(Minneapolis, MN, USA), the P3H1, RGS12, and GUK1
monoclonal antibodies were purchased from Santa Cruz
Biotechnology (Dallas, TX, USA), and the MEF2C and
PHACTR4 monoclonal antibodies were purchased from Cell
Signaling Technologies (Danvers, MA, USA) and Abcam,
respectively. The anti-human IgG antibody was purchased
from Jackson ImmunoResearch (West Grove, PA).

Patients and Clinical Samples
Serum samples from lupus nephritis and healthy controls were
collected at the University of Texas, SouthwesternMedical Center at
Dallas. The samples were aliquoted and stored at -80°C. All human
subject-related procedures were performed following the
institutionally approved IRB protocols, and all consents were
obtained before sample collection. The detailed demographics and
clinical information are summarized in Table 1. Active lupus
nephritis (LN-active) is defined as Systemic Lupus Erythematosus
Disease Activity Index (SLEDAI) greater than 4 and the renal
domain of SLEDAI (rSLEDAI) greater than 0. Inactive lupus
nephritis (LN-inactive) is defined as SLEDAI less than 4 and
rSLEDAI equal to 0. In the immunoproteomic screening study,
serum samples from 3 LN patients (SLEDAI = 4, 19, and 20,
respectively) or 3 healthy controls were pooled, respectively, for
further experiments.

Protein A/G-Based Immunoprecipitation
40 µl of Protein A- or G-coated magnetic beads was gently mixed
and washed with 0.1% PBST. 100 µl of 1:100 PBS-diluted pooled
serum samples from LN or healthy controls was then mixed and
incubated with the Protein A/G magnetic beads at room
temperature for 30 min with gentle shaking. The immune
complex bound beads were then washed three times with 50 µl
PBS. A magnetic stand was used to hold the beads, while the
supernatant was removed after washing. The washed beads were
suspended in 50 µl of 0.1 mg/ml papain solution (0.04 M EDTA,
0.04 M L-cysteine) and incubated at 37°C for 1 h. The magnetic
stand was used to remove the beads, and the resultant
supernatant was transferred to a new tube, and 50 µl of 0.06 M
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iodoacetamide was added to terminate the reaction of papain
digest ion, fo l lowed by gel pur ificat ion and mass-
spectrometry analysis.

C1q-Based Capture/Enrichment of
Immune Complex
100 µl of 200 µg/ml native human C1q was diluted into PBS,
coated onto a 96-well microplate (Thermo Fisher, Waltham,
MA), and incubated overnight at room temperature. The
microplate was washed three times with 150 µl PBST and
blocked, and then 100 µl of 1:100 PBS-diluted pooled serum
samples was added into the wells and incubated for 2 h at room
temperature. The aqueous portion was removed, and the
microplate was washed three times with 150 ml PBST. A 50-µl
0.1-mg/ml papain solution was added to each well and incubated
at 37°C for 1 h. Then, 50 µl of 0.06 M iodoacetamide was added
into the well to terminate the papain digestion, followed by gel
purification and mass spectrometry analysis.

Identification Autoantigens With Mass
Spectrometry
Supernatants from the Protein A/G- or C1q-captured immune
complex samples were purified by a brief running (≤10 min) of
SDS-PAGE. The gel band containing samples was subjected to
in-gel digestion (19). An aliquot of the tryptic digest (in 2%
acetonitrile/0.1% formic acid in water) was fractionated through
liquid chromatography and then analyzed by an Orbitrap
Fusion™ Tribrid™ mass spectrometer (Thermo Scientific™)
interfaced with a Dionex UltiMate 3000 Binary RSLCnano
System. Peptides were separated onto an Acclaim™ PepMap™

C18 column at a flow rate of 300 nl/min. Gradient conditions
were 3%–22% B for 40 min; 22%–35% B for 10 min; 35%–90% B
for 10 min; and 90% B held for 10 min (solvent A, 0.1% formic
acid in water; solvent B, 0.1% formic acid in acetonitrile).
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The peptides were analyzed using a data-dependent acquisition
method; Orbitrap Fusion was operated with the measurement of
FTMS1 at resolutions of 120,000 FWHM, scan range of 350–
1,500 m/z, AGC target 2E5, and maximum injection time of 50
ms. During a maximum 3-s cycle time, the ITMS2 spectra were
collected at a rapid scan rate mode, with HCD NCE 35, 1.6-m/z
isolation window, AGC target 1E4, maximum injection time of
35 ms, and dynamic exclusion which was employed for 35 s. The
raw data files were processed using Thermo Scientific™

Proteome Discoverer™ software version 1.4, and spectra were
searched against the UniProt Homo sapiens database using the
Sequest search engine v2.3.02 (Matrix Sciences, Chicago, IL,
USA) run on an in-house server. Search results were trimmed
to a 1% FDR for stringency and 5% for relaxed conditions using
Percolator. For the trypsin digestion, up to two missed cleavages
were allowed. MS tolerance was set at 10 ppm; MS/MS tolerance
at 0.6 Da. Carbamidomethylation on cysteine residues was used
as fixed modification; oxidation of methionine and
phosphorylation of serine, threonine, and tyrosine were set as
variable modifications. The sum of scores of individual peptides
for identified proteins was used to identify proteins from the
immune complex.

Annotation Enrichment Analysis
A total of 77 candidate proteins with protein accession numbers
were converted into gene names with DAVID (https://david.
ncifcrf.gov) and UniProt (https://www.uniprot.org) within
Homo sapiens species. The functional enrichment gene-set
analysis for three GO (Gene Ontology) sub-ontologies was
performed with ClusteProfiler 4.0 (20) with a p-value cutoff of
0.05 and the “Benjamini–Hochberg” p-Adjust-value method.
The “Disease class,” “Up tissue,” and “Kyoto Encyclopedia of
Genes and Genomes (KEGG) Pathway” annotations were
retrieved from DAVID (21).
TABLE 1 | Demographics and clinical characteristics of subjects.

LN patients LN-active LN-inactive

Total no. of subjects 49 13
Female, no. (%) 80.79% 100%
Age, mean ± SE., years 30.15 ± 8.47 37.84 ± 13.19
Ethnicity, Asian/Black/Hispanic/Hawaii/White, no. 3/23/1/1/21 1/2/0/0/10
During time from LN onset, median (interquartile), years 7 (3–10) 6 (2–12)
SLEDAI, median (interquartile) 8 (8–12) 2 (0–3)
Renal SLEDAI, median (interquartile) 4 (4–8) 4 (4–8)
No. of patients with renal SLEDAI = 0 (%) 2.04% 100%
Protein: creatinine ratio, mg/mg, median (interquartile) 2.79 (1.32–5.31) 0.12 (0.18–0.22)
Serum Cr, mg/dL, median (interquartile) 0.95 (0.71–1.85) 0.75 (0.64–0.81)
No. of patients with DNA positive (%) 33 (67.35%) 5 (38.46%)
Treatment at time of biopsy
Pred (mg/d) 36 (73.47%) 6 (46.15%)
MMF (g/d) 24 (48.98%) 2 (14.29%)
HCQ (mg/d) 29 (59.18) 6 (46.15%)

Health controls

Total no. of subjects 21
Female, no. (%) 71.43%
Age, mean ± SE., years 30.60 ± 10.04
Ethnicity, Asian/Black/Hispanic/Hawaii/White, no 3/8/0/0/10
March 2022 | Volume 13
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Gene Expression Analysis of the
Autoantigens in 6 Genomic-Level
Databases
Six publicly available SLE or LN databases (Supplementary
Table 3) were downloaded to cross-validate the autoantigens
discovered using immunoproteomics in the present study. In the
6 databases, 3 major genomic technologies were used, including
single-cell RNA Sequencing (scRNA Seq), total RNA sequencing
(RNA-Seq), and gene expression microarray (RNA-Array), to
eliminate bias generated by single technology or sample type.
The differentially expressed genes (DEGs) were defined as
adjusted p-values (p-adjust) smaller than 0.05 between SLE/LN
and healthy controls. In the two scRNA databases, Seurat V4 was
used to generate an expression matrix, PCA dimension
reduction, and cell cluster as described previously (22). Each
cluster cell type was identified with reference-based package
SingleR (23) and verified with canonical markers. Then, the
DEGs were discovered by DEsingle (24). For two RNA databases,
processed count files were directly obtained from GEO, and the
DEGs were discovered by DESeq2 (25). The databases from
the two RNA-Array were downloaded and standardized, and the
DEGs were screened using the GEOquery and Limma (26, 27).

Validation of Immune Complex in LN
Using ELISA
ICx in the serum of LN and controls was measured using an in-
house-developed ELISA kit. Briefly, to capture antigen-specific
ICx, commercial monoclonal antibodies (tested by Western blot)
against each autoantigen were coated onto the Immulon 2 HB
flat-bottom microtiter plates (Thermo Fisher, MA) overnight at
4°C and then blocked. Serum samples were diluted into 1:100 in
reagent diluent, added into the wells, and incubated for 2 h at
room temperature. Anti-human IgG antibody (Jackson
ImmunoResearch, PA) was diluted into 1:20,000 and added
into the wells and incubated for 1.5 h at room temperature
followed by color development. The ELISA signal was read by an
Epoch plate reader (BioTek, Winooski, VT) at 450 nm, and the
blank was subtracted from the OD450 readings of the samples.

Statistical Analysis
All data were analyzed, plotted, or visualized with R 4.1.0
language or ggplot2 (28) package unless stated otherwise.
Biomarker-level group-wise comparisons of statistical
significance (p-values) were analyzed using the Wilcoxon test.
Principal component analysis (PCA) was conducted to
transform the serum levels of ICx into uncorrelated principal
components, and only the first two components were used for
the dot plot. Sensitivity (true positive ratio), 1-specificity (false
positive ratio), and area under the curve (AUC) values were
determined by receiver-operating characteristic (ROC) analysis
using a pROC package (29). The least absolute shrinkage and
selection operator (LASSO) (30) was used to evaluate and select
candidate serum ICx as the best panel of biomarkers to
distinguish LN from HC or LN-active from LN-inactive with
the largest value of lambda under 3-fold cross-validation. The
correlation between serum ICx levels and clinical parameters was
determined by Spearman’s correlation coefficient.
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RESULTS

Immunoproteomics-Based Discovery of
Novel ICx in the Serum of LN
To discover novel ICx that are differentially expressed in SLE or LN,
we designed two strategies to capture ICx, as illustrated in Figure 1,
showing Protein A/G magnetic beads or C1q-based capture of
immunoglobulins or the antigen–antibody complex. Pooled serum
samples from 3 LN patients or 3 health controls were used to
capture and enrich ICx. As shown in Supplementary Figure 1,
SDS-PAGE was used to visualize the immunocaptured products.
After gel purification and in-gel digestion, the peptides were
analyzed using liquid chromatography and tandem mass
spectrometry (LC-MS/MS). In total, 239 and 61 immunoglobulin
or immunoglobulin-binding proteins were discovered via Protein
A/G and C1q, respectively. Based on the cumulative protein score of
each protein, we ended up with identifying 52 (Protein A/G
method) and 27 (C1Q method) proteins which were only
detectable in the serum of LN but not healthy controls by mass
spectrometry, as shown in Supplementary Table 1 and
Supplementary Table 2. Among the 77 unique proteins
identified, TTR and KRT14 were found in both Protein A/G and
C1q procedures. Gene Ontology (GO) enrichment analyses were
performed to investigate the enrichment function of these proteins
that are expressed in the LN patients, as shown in Figure 2. In the
biological process (Figure 2A), the protein functions of complement
activation and B cell activation were significantly enriched which
indicated that the 77 proteins may be involved in forming an
immune complex during disease development and contribute to the
pathogenesis of SLE or LN. The most significant cellular component
(CC), immunoglobulin complex, represents 16 immunoglobulins
which consist of 11 IgH, 3 IgK, and 2 IgL. Several IgH were found
associated with B cell receptor (BCR) analysis of immune-mediated
diseases, such as IGHV4-34 and IGHV4-59, which are highly
expressed in SLE (31).

Functional Relevance of Immuno-Captured
Proteins to SLE or LN
Given that the 77 proteins captured through immunoprecipitation
were only detectable in LN but not healthy controls using the
immunoproteomic approach, we assumed they may be
functionally relevant to SLE or LN. To confirm this, we
performed a bioinformatics analysis to determine which proteins
may be involved in the disease course of SLE or LN and
may potentially serve as a disease biomarker. As shown in
Supplementary Table 1 and Supplementary Table 2, among
the 77 proteins, 32 of them are highly abundant proteins including
keratins, histones, complement system proteins, and albumin and
immunoglobulin family proteins which have already been
discussed extensively in previous studies (32–36). Therefore,
they were eliminated from further analysis in the current study.
For the remaining 45 proteins, we performed the following
bioinformatics analysis: Database for Annotation, Visualization
and Integrated Discovery (DAVID), Kyoto Encyclopedia of Genes
and Genomes (KEGG), and Gene Ontology Biological Processes
(GO-BP), to determine the relevance of the candidate
autoantigens (AAgs) to SLE or LN.
March 2022 | Volume 13 | Article 850015
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In DAVID analysis, we collected 5 features of DAVID
functional annotation as described previously (21). As SLE is
aberrant in immune function and causes end-organ damage,
particularly renal damage (37), the “renal” or “immune” disease-
related proteins or the proteins expressed in SLE-affected tissues
(such as skin, muscle, bone, joints, kidney, spleen, and brain)
were considered “positive” and are indicated in red in Figure 3.
In KEGG analysis, the proteins involved in “Systemic lupus
erythematosus - Homo sapiens (human)” KEGG pathway
Frontiers in Immunology | www.frontiersin.org 5
(https://www.genome.jp/entry/pathway+hsa05322) and its eight
related pathways (hsa04060, hsa04514, hsa04610, hsa04612,
hsa04630, hsa04660, hsa04662, and hsa04670) were considered
“positive” and are indicated in red in Figure 3. In GO-BP
analysis, the “immune response” and “Inflammatory”
annotated proteins were considered “positive” and are
indicated in red in Figure 3. The “Cumulative Protein Score”
is the sum of the peptide scores for proteins in LN patients,
which was normalized to be in the range of 0~5.
A B C

FIGURE 2 | Gene Ontology (GO) enrichment analysis of 77 protein candidates discovered by immunoproteomics. (A) Biological process, (B) molecular function, and
(C) cellular component. The gene ratio was calculated by k/n, where k = the size of the unique genes annotated in the specific gene set (e.g., immune complex);
n = size of the input genes of interest (e.g., all 77 protein-encoding genes identified from this study).
FIGURE 1 | Schematic diagram of discovery and validation of immune complex (ICx) in lupus nephritis (LN) using the immunoproteomic approach. Serum samples
from patients with LN or healthy control (n =3 per group) were collected and pooled for Protein A/G or C1q-based ICx capture, followed by the identification of the
proteins using mass spectrometry. Candidate ICx were further validated in a larger cohort of LN patients and healthy controls using ELISA. This figure was created
using a graphing program from BioRender.com.
March 2022 | Volume 13 | Article 850015
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Next, we used 6 published gene expression databases of SLE
or LN as detailed in Supplementary Table 3, to determine if the
genes that encode the autoantigens were differentially expressed
in SLE/LN compared to healthy controls. The 6 databases were
derived based on data from single-cell RNA sequencing, total
RNA sequencing, or gene expression microarray on human SLE/
LN genomes from various cell or tissue types (38–43).
Differentially expressed genes (DEGs) were defined as adjusted
p-values (p-adjust) less than 0.05 between SLE/LN and healthy
controls. As shown in Figure 3, the filled color represents the log
(fold-change) values (p.adjust < 0.05) as indicated in the
scale bar.

Two general criteria were used to determine which candidate
proteins (antigens) would be selected to move forward for the next
phase of validation studies: 1) the protein received at least one
Frontiers in Immunology | www.frontiersin.org 6
“positive” in the comprehensive functional annotations (DAVID/
KEGG/GO, Figure 3) and 2) the protein-coding genes are
“upregulated” in two genomic databases (Supplementary
Table 3) or highly upregulated in one genomic database. As a
result, 10 candidate proteins satisfied both criteria 1 and criteria 2
and were selected for validation.

Validation of Selected Autoantigens/
Immune Complexes
A total of 10 candidate AAgs including BST1, CD14, CD34, CSTA,
FN1, MEF2C, P3H1, PHACTR4, RGS12, and UBC were selected
for validation. Given the fact that the immune-capture process was
designed to capture either immunoglobulins or the antigen–
antibody complex with Protein A/G- or C1Q-based methods, the
proteins/antigens identified by mass spectrometry were presumably
FIGURE 3 | Bioinformatics analysis of the protein candidates. The Database for Annotation, Visualization and Integrated Discovery (DAVID), Kyoto Encyclopedia of
Genes and Genomes (KEGG), and Gene Ontology Biological Processes (GO-BP) were used to determine the relevance of the differentially expressed protein
candidates to SLE or LN. In DAVID analysis, “renal” or “immune” disease-related proteins or the proteins expressed in SLE-affected tissues (such as skin, muscle,
bone, joints, kidney, spleen and brain) were considered “positive.” In KEGG analysis, proteins involved in the “Systemic lupus erythematosus - Homo sapiens
(human)” KEGG pathway and its eight related pathways were considered “positive.” In GO-BP analysis, “immune response” and “Inflammatory” annotated proteins
were considered “positive.” The “Cumulative Protein Score” is the sum of the peptide scores for each protein identified in LN, which were then normalized to be in
the range of 0~5. The Differentially Expressed Genes (DEGs) corresponding to the 45 candidate autoantigens that appeared in six published SLE/LN databases are
indicated in the right-hand column of the heatmap, where the filled color represents the log (fold-change) values (p.adjust < 0.05) as indicated in the scale bar. The
details of the six databases are presented in Supplementary Table 3.
March 2022 | Volume 13 | Article 850015
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the “bound-form” and originated from the antigen–antibody
complex. Therefore, validating serum ICx or bound-form antigens
is more reasonable than validating the free-form antigens. We then
used monoclonal antibodies against each specific AAg to coat the
ELISA plate, and the corresponding ICx were captured and detected
on the plate using a secondary antibody, anti-human IgG
conjugated with horseradish peroxidase (HRP). In the validation
study, we used an independent cohort of 62 LN patients and 21
healthy controls. Detailed patient demographics and clinical
characteristics information are presented in Table 1. The LN
patients were divided into LN-active and LN-inactive based on
SLEDAI and rSLEDAI index, as detailed in Methods.

As shown in Figure 4A, the BST1, PHACTR4, RGS12, and
UBC-specific ICx were significantly upregulated in LN-inactive
patients, compared to the healthy controls. Furthermore, BST1,
CD34, RGS12, and UBC-specific ICx were significantly elevated
in LN-inactive compared to LN-active patients (Figure 4A).
Surprisingly, P3H1 immune complex levels were significantly
downregulated in LN-inactive patients, compared to the healthy
controls. Also, FN1- and MEF2C-specific ICx were decreased in
LN-active compared to healthy controls. This inconsistency with
the screening data may be due to the heterogeneity of SLE and
the relatively smaller sample size in the screening cohort. Also,
some of the commercial monoclonal antibodies may not be
optimal (e.g., affinity or epitopes) in maximally capturing
serum ICx by ELISA. In addition, it is conceivable that serum
CD34 and MEF2C ICx levels may respond to drug treatment,
because they were significantly lower in the LN-active group
compared to the LN-inactive group following drug treatment
(Supplementary Figure 2). However, no significant responses to
drug treatment were observed in the other ICx as well as in anti-
dsDNA autoantibodies (Supplementary Figure 2).

To uncover the distribution patterns of the 10 ICx in an
unbiased manner, dimension reduction principal component
analysis (PCA) was performed using the ELISA validation data.
The percentage of variance for the first and second principal
components (PCs) were 48.32% and 23.16%, respectively, which
were used to map both LN and HC samples (Figure 4B). The HC
samples were clearly separated from LN patients implying the
distinction of their ICx expression patterns. The discriminative
capabilities of 10 ICx for LN vs. HC were evaluated with ROC
analysis (Figure 4C). P3H1, PHACTR4, and RGS12 ICx
outperform other markers with AUC values greater than 0.8.
Furthermore, when individual ICx were combined into a
biomarker panel with the LASSO model, the discriminative ability
was significantly improved (Figure 4D). In the LN vs. HC group,
the AUC value was 0.99, where the greatest positive and negative
contributing variables were PHACTR4 and FN1, respectively. In the
LN-active vs. LN-inactive group, 4 positive (CD34, MEF2C, RGS12,
and UBC) ICx and 2 negative (CD14 and CSTA) ICx contributing
variables were identified using the LASSO model. When combined
into a panel, these biomarkers can discriminate LN-active from LN-
inactive with an AUC value of 0.85. In comparison, when using
clinical parameters to discriminate LN-active from LN-inactive, the
AUC values were 0.81 for renal chronicity index (CI), 0.62 for renal
activity index (AI), 0.58 for white blood cell counts (WBC), and 0.91
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for proteinuria. Hence, the LASSO-derived serum biomarker panel
(CD14, CD34, CSTA, MEF2C, RGS12, and UBC ICx)
outperformed the renal pathology indices such as AI and CI.

Serum ICx May Reflect Pathological
Disease Activity
Next, we determined if serum ICx were associated with clinical and
pathological parameters and if they had a diagnostic value in
reflecting renal pathological change without the need of renal
biopsy. As shown in the correlation heatmap in Figure 5, most
serum ICx exhibited a significant negative correlation with SLEDAI,
rSLEDAI, WBC, and proteinuria. Interestingly, serum ICx levels
exhibited a negative correlation with AI but a positive correlation
with CI, as well as the individual components of AI and CI. This is
consistent with the fact that serum ICx was lower in LN-active
compared to LN-inactive patients. Besides, the longitudinal studies
indicated that BST1, CSTA, and UBC serum ICx levels changed
over two time points, which could track with changes in SLEDAI
and/or rSLEDAI (Supplementary Figure 3).

Gene Expression of Autoantigens in
Various Cell Types in SLE
To determine if these AAg-encoding genes are differentially
expressed in various cell types in LN, we examined the gene
expression of the AAgs at a single-cell resolution using a database
of scRNA sequencing of PBMC from 8 SLE adult patients and 5
healthy controls (42). As shown in Figure 6A, 8 different cell types
were identified from 82,748 cells and each cell population in the SLE
and HC groups is displayed in Figures 6A, B. CD14, BST1, CSTA,
and MEF2C were found to have an enriched gene expression in
CD14+ or CD16+ monocytes, and MEF2C was also highly
expressed in SLE B cells compared to healthy controls.
Furthermore, the significance test using Wilcoxon comparison
between SLE and HC in different cell types is presented in
Figure 6C. P3H1, PHACTR4, and UBC were ubiquitously
expressed in all cell types (Figure 6D). In the CD4+ T cell
cluster, P3H1 and UBC were found upregulated, whereas MEF2C
was downregulated in the SLE group, compared to healthy controls.
In monocytes, CD14 were highly expressed in CD16+ cells, and
MEF2C and FN1 were upregulated in CD14+ cells in SLE
compared to healthy controls. UBC exhibited overall the strongest
expression across all cell types, and it was significantly upregulated
in CD4+ T cells, CD8+ T cells, and natural killer (NK) cells in SLE
compared to HC. However, it was significantly downregulated in
dendritic cells (DCs) in SLE, compared to HC. The gene expression
profiles of these AAgs were also examined in 1,496 cells from LN
renal tissues using the scRNA Seq database (details are shown in
Supplementary Figure 4). The results demonstrate that MEF2C
were highly expressed in leukocytes, endothelial cells, andmesangial
cells; FN1 exhibited an overall higher gene expression in renal cells
compared to PBMCs; UBC was also found highly expressed across
all cell types in the kidney, which is consistent with the PBMC data.

In summary, we found that PHACTR4, RGS12, UBC, CSTA,
and BST1 are concordantly elevated in both our ICx assays and
the public gene expression database, as detailed in Figure 4 and
Supplementary Table 3.
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DISCUSSION

Experimental disease models of glomerulonephritis (GN) and
vasculitis have verified the potential of circulating ICx (antigen–
antibody complexes) in causing disease (44). ICx are responsible for
the GN of lupus and also contribute to the pathogenesis of other
manifestations in SLE (45, 46). ICx play a complicated role in LN,
either by depositing on vessels/tissues to cause pathological effects or
Frontiers in Immunology | www.frontiersin.org 8
by interacting with receptors on immune cells to initiate
immunological regulations (15). Several assays that indirectly
measure circulating ICx have been developed to evaluate ICx-
mediated inflammation in patients with SLE; however, currently
available assays are insufficient to reliably and reproducibly detect
ICx (47). In this study, we employed both Protein A/G magnetic
beads and microplate-based C1q to capture, enrich, and purify ICx
from lupus serum. In this particular study, it seems that the Protein
A

B C D

FIGURE 4 | ELISA validation of selected ICx in an independent cohort of LN patients. (A) A total of 83 serum samples from healthy controls (N = 21, blue), inactive
LN (N = 13, green), and active LN (N = 49, red) were tested by sandwich ELISA for immune complex levels of BST1, CD14, CD34, CSTA, FN1, MEF2C, P3H1,
PHACTR4, RGS12, and UBC. Asterisks designate the level of statistical significance: *p < 0.05, **p < 0.01, ****p < 0.0001, using the Wilcoxon test. (B) Principal
component analysis (PCA) of 10 ICx among HC, inactive LN, and active LN individuals. The two first principal components (PC1, PC2) were plotted. (C) The
discriminatory abilities of the 10 ICx in distinguishing LN patients from healthy control were examined using ROC analysis. (D) Using LASSO regression analysis, the
ICx were combined into panels to distinguish LN patients from healthy control or active LN from inactive LN.
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A/G-based approach is more efficient (239 proteins) in capturing
ICx in SLE, compared to the C1qmethod (61 proteins). This may be
due to the affinity differences between Protein A/G and C1q in
binding ICx.

The DEGs from six transcriptomics SLE/LN databases were
informative to understand the functional aspects of the autoantigens
and to select the most relevant proteins/ICx for further validation.
However, given the fact that the 6 databases were developed using
different technologies, this inevitably poses a challenge to integrate
all data which requires statistical framework and tremendous
computational resources. To address this challenge, the DEGs
were separately calculated using mainstream methods for each
technology (24–26) and then aggregated and visualized with a
heatmap. The discrepancy in gene expression profiles of the same
genes across six databases may be due to the heterogeneity of LN or
platform differences. For example, LRP12 and COL19A1 gene
expression changes were found to be opposite in SLE between a
scRNA database and an RNA database. In another scenario,
PLXDC1 expression levels were different in SLE between PBMCs
and kidney cells at a single-cell resolution, which suggested that the
context of cells is critical.

It is worth noting that PHACTR4 ICx were significantly elevated
in LN patients compared to HC (AUC = 0.99), and consistent
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transcription profiles of this molecule were also found across two
kidney databases, based on scRNA Seq and gene expression
microarray. Interestingly, previous studies have identified
PHACTR4 as a tumor suppressor in several cancers, with functions
in PP1 localization and Rb dephosphorylation (48). The aberrant
geneexpression in thekidneyand formationof ICxmaycontribute to
LN pathogenesis. The regulator of G-protein signaling 12 (RGS12)
ICx was found upregulated in LN, compared to HC. Interestingly,
higher levels of RGS12 ICx were detected in the LN-inactive
compared to LN-active group. Furthermore, serum RGS12 ICx
exhibited a positive correlation with chronicity index (CI), as well
as glomerulosclerosis, fibrous crescents, tubular atrophy, and
interstitial fibrosis. In a study of rheumatoid arthritis, a significant
association was found between RGS12 genetic variation with the
response toan immunosuppressivedrug (49).Thesedata suggest that
RGS12 may be involved in the pathogenesis of SLE and other
rheumatic diseases. Notably, P3H1 ICx was the only one found
significantly downregulated in LN (AUC = 0.82) compared to HC.
P3H1mRNAwas found upregulated in 3 gene expression databases
and downregulated in one database. In the PBMC scRNA Seq
database, transcriptomic P3H1 was significantly upregulated in
CD4+T cells. P3H1 is responsible for the 3-hydroxyproline
posttranslational modification of type I collagen; if defective, it may
FIGURE 5 | Correlation plot of serum ICx levels with clinical parameters. The color filled in each square represents Spearman’s correlation coefficient value, and the
corresponding significance level was indicated with asterisks: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. SLEDAI, SLE disease activity index; rSLEDAI, renal
SLE disease activity index; WBC, white blood cell count; ALB, the amount of albumin in blood; AI, renal pathology activity index, CI, renal pathology chronicity index.
March 2022 | Volume 13 | Article 850015

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Tang et al. Circulating Immune Complex in Lupus
cause renal pathology (50). Therefore, P3H1maybe involved in renal
pathology and contribute to the pathogenesis of LN. In addition, the
fact that serum CD34 and MEF2C ICx but not anti-dsDNA
autoantibody levels responded to drug treatment (Supplementary
Figure 2) may indicate that novel serum ICx may be a better
biomarker in assessing drug responses in LN. It is important to
highlight that PHACTR4, RGS12, UBC, CSTA, and BST1 are
concordantly elevated in both our ICx assays and the public gene
expression database, as detailed in Figure 4 and Supplementary
Table 3. The reason that the two ICx enrichmentmethods resulted in
different protein profiles may be due to structurally different binding
sites in the antibodies and different binding kinetics/affinities for ICx.
As indicated in the literature, C1q binds to CH2 domains of the Fc
(51), whereas protein A and protein Gmainly bind to the CH2-Ch3
domains (52, 53). Thus, it is likely that protein A/G and C1q may
select and capture different antibodies in the ICx, which were
characterized by mass spectrometry-based sequencing of the
protein/antigen.
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The caveats of this study include (1) the relatively small
sample size especially in the LN-inactive group and (2) the
lack of various disease controls such as other autoimmune
diseases and other kidney diseases due to the limited access to
these samples. In future studies, the increase of the sample size in
the LN-inactive group may aid to confirm if and why serum ICx
were lower in LN-active compared to LN-inactive. The inclusion
of disease controls may be helpful in better establishing the
specificity of these ICx biomarkers in LN.
CONCLUSION

Immunoproteomics-based discovery studies have entabled us to
identify promising immune complexes in LN, which are associated
with clinical parameters including renal pathology indices. These
ICx may be useful in diagnostics, disease monitoring, and/or
assessing drug responses in LN contingent upon further validation.
A B

C D

FIGURE 6 | PBMC scRNA expression of autoantigen candidates in SLE patients and healthy controls. (A) tSNE plot of 82,748 cells across 23,257 gens from the
PBMC sample of 8 adult SLE patients (aSLE) and 5 adult healthy controls (aHD). Clusters were derived from PCA reduction with the first 18 dimensions, and the
clusters’ cell type was identified with SingleR reference databases and canonical markers. (B) The bar plot represents the cell abundance of 8 clusters across aSLE
(41,116 cells) and aHD (41,632 cells) groups. (C) Violin plots of PBMC scRNA expression in 8 cell type clusters in aSLE (red) and aHD (cyan). The autoantigens’
differential expression levels in each cluster were determined using the Wilcoxon test. The asterisks designate the level of significance: *p < 0.05, **p < 0.01, ***p <
0.001, ****p < 0. 0001, and increased or decreased expression in aSLE was colored in red and cyan, respectively. (D) Feature plots of 10 autoantigens; each dot
represents one cell, and the color intensity indicates the gene expression level of autoantigen in the cells, from gray to purple.
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10. González LA, Ugarte-Gil MF, Alarcón GS. Systemic Lupus Erythematosus:
The Search for the Ideal Biomarker. Lupus (2021) 30:181–203. doi: 10.1177/
0961203320979051

11. Dias R, Hasparyk UG, Lopes MP, Monteiro de Barros JLV, Simões e Silva AC.
Novel Biomarkers for Lupus Nephritis in the “OMICS” Era. Curr Medicinal
Chem (2021) 28:29. doi: 10.2174/0929867328666210212102438

12. Krishnan C, Kaplan MH. Immunopathologic Studies of Systemic Lupus
Erythematosus. II. Antinuclear Reaction of G-Globulin Eluted From
Homogenates and Isolated Glomeruli of Kidneys From Patients With
Lupus Nephritis. J Clin Invest (1967) 46:569–79. doi: 10.1172/JCI105558

13. Lech M, Anders H-J. The Pathogenesis of Lupus Nephritis. J Am Soc Nephrol
(2013) 24:1357–66. doi: 10.1681/ASN.2013010026

14. Burbelo PD, Iadarola MJ, Keller JM, Warner BM. Autoantibodies Targeting
Intracellular and Extracellular Proteins in Autoimmunity. Front Immunol
(2021) 12:548469. doi: 10.3389/fimmu.2021.548469
15. Wang XY, Wang B, Wen YM. From Therapeutic Antibodies to Immune
Complex Vaccines. NPJ Vaccines (2019) 4:2. doi: 10.1038/s41541-018-0095-z

16. Arriens C, Mohan C. Systemic Lupus Erythematosus Diagnostics in the
‘Omics’ Era. Int J Clin Rheumtol (2013) 8:671–87. doi: 10.2217/ijr.13.59

17. Der E, Suryawanshi H, Buyon J, Tuschl T, Putterman C. Single-Cell RNA
Sequencing for the Study of Lupus Nephritis. Lupus Sci Med (2019) 6:e000329.
doi: 10.1136/lupus-2019-000329

18. Maria NI, Davidson A. Protecting the Kidney in Systemic Lupus
Erythematosus: From Diagnosis to Therapy. Nat Rev Rheumatol (2020)
16:255–67. doi: 10.1038/s41584-020-0401-9

19. Wu T, Fu Y, Brekken D, Yan M, Zhou XJ, Vanarsa K, et al. Urine Proteome
Scans Uncover Total Urinary Protease, Prostaglandin D Synthase, Serum
Amyloid P, and Superoxide Dismutase as Potential Markers of Lupus
Nephritis. J Immunol (2010) 184:2183–93. doi: 10.4049/jimmunol.0900292

20. Wu T, Hu E, Xu S, Chen M, Guo P, Dai Z, et al. Clusterprofiler 4.0: A
Universal Enrichment Tool for Interpreting Omics Data. Innovation (2021) 2.
doi: 10.1016/j.xinn.2021.100141

21. Huang da W, Sherman BT, Lempicki RA. Bioinformatics Enrichment Tools:
Paths Toward the Comprehensive Functional Analysis of Large Gene Lists.
Nucleic Acids Res (2009) 37:1–13. doi: 10.1093/nar/gkn923

22. Hao Y, Hao S, Andersen-Nissen E, Mauck WM3rd, Zheng S, Butler A, et al.
Integrated Analysis of Multimodal Single-Cell Data. Cell (2021) 184:3573–
87.e29. doi: 10.1016/j.cell.2021.04.048

23. Aran D, Looney AP, Liu L, Wu E, Fong V, Hsu A, et al. Reference-Based Analysis
of Lung Single-Cell Sequencing Reveals a Transitional Profibrotic Macrophage.
Nat Immunol (2019) 20:163–72. doi: 10.1038/s41590-018-0276-y

24. Miao Z, Deng K, Wang X, Zhang X. Desingle for Detecting Three Types of
Differential Expression in Single-Cell RNA-Seq Data. Bioinformatics (2018)
34:3223–4. doi: 10.1093/bioinformatics/bty332

25. Love MI, Huber W, Anders S. Moderated Estimation of Fold Change and
Dispersion for RNA-Seq Data With Deseq2. Genome Biol (2014) 15:550.
doi: 10.1186/s13059-014-0550-8

26. Ritchie ME, Phipson B, Wu D, Hu Y, Law CW, Shi W, et al. Limma Powers
Differential Expression Analyses for RNA-Sequencing and Microarray
Studies. Nucleic Acids Res (2015) 43:e47. doi: 10.1093/nar/gkv007

27. Davis S, Meltzer PS. Geoquery: A Bridge Between the Gene Expression
Omnibus (GEO) and Bioconductor. Bioinformatics (2007) 23:1846–7.
doi: 10.1093/bioinformatics/btm254

28. Wickham H, Chang W, Henry L, Pedersen TL, Takahashi K, Wilke C, et al.
“Ggplot2: Create Elegant Data Visualisations Using the Grammar of
Graphics”. In: R Package Version 2. New York: Springer-Verlag (2016).

29. Robin X, Turck N, Hainard A, Tiberti N, Lisacek F, Sanchez JC, et al. Proc: An
Open-Source Package for R and s+ to Analyze and Compare ROC Curves.
BMC Bioinf (2011) 12:77. doi: 10.1186/1471-2105-12-77
March 2022 | Volume 13 | Article 850015

https://www.frontiersin.org/articles/10.3389/fimmu.2022.850015/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2022.850015/full#supplementary-material
https://doi.org/10.1038/nrrheum.2016.186
https://doi.org/10.1016/j.jaut.2015.08.004
https://doi.org/10.1136/lupus-2018-000270
https://doi.org/10.1136/lupus-2018-000270
https://doi.org/10.1016/j.kint.2017.11.023
https://doi.org/10.1038/s41572-019-0141-9
https://doi.org/10.18553/jmcp.2020.26.3.275
https://doi.org/10.2215/CJN.03400412
https://doi.org/10.1191/096120398678920730
https://doi.org/10.1016/S0140-6736(19)30546-X
https://doi.org/10.1177/0961203320979051
https://doi.org/10.1177/0961203320979051
https://doi.org/10.2174/0929867328666210212102438
https://doi.org/10.1172/JCI105558
https://doi.org/10.1681/ASN.2013010026
https://doi.org/10.3389/fimmu.2021.548469
https://doi.org/10.1038/s41541-018-0095-z
https://doi.org/10.2217/ijr.13.59
https://doi.org/10.1136/lupus-2019-000329
https://doi.org/10.1038/s41584-020-0401-9
https://doi.org/10.4049/jimmunol.0900292
https://doi.org/10.1016/j.xinn.2021.100141
https://doi.org/10.1093/nar/gkn923
https://doi.org/10.1016/j.cell.2021.04.048
https://doi.org/10.1038/s41590-018-0276-y
https://doi.org/10.1093/bioinformatics/bty332
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1093/nar/gkv007
https://doi.org/10.1093/bioinformatics/btm254
https://doi.org/10.1186/1471-2105-12-77
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Tang et al. Circulating Immune Complex in Lupus
30. Friedman J, Hastie T, Tibshirani R. Regularization Paths for Generalized
Linear Models via Coordinate Descent. J Stat Softw (2010) 33:1–22.
doi: 10.18637/jss.v033.i01

31. Bashford-Rogers RJM, Bergamaschi L, McKinney EF, Pombal DC, Mescia F,
Lee JC, et al. Analysis of the B Cell Receptor Repertoire in Six Immune-
Mediated Diseases.Nature (2019) 574:122–6. doi: 10.1038/s41586-019-1595-3

32. De Berker D, Dean D, Leigh I, Burge S. Keratin Expression in Discoid Lupus
Erythematosus. Exp Dermatol (1995) 4:350–6. doi: 10.1111/j.1600-
0625.1995.tb00059.x

33. Djudjaj S, Papasotiriou M, Bülow RD, Wagnerova A, Lindenmeyer MT,
Cohen CD, et al. Keratins Are Novel Markers of Renal Epithelial Cell Injury.
Kidney Int (2016) 89:792–808. doi: 10.1016/j.kint.2015.10.015

34. Sun XY, Shi J, Han L, Su Y, Li ZG. Anti-Histones Antibodies in Systemic
Lupus Erythematosus: Prevalence and Frequency in Neuropsychiatric Lupus.
J Clin Lab Anal (2008) 22:271–7. doi: 10.1002/jcla.20248

35. Leffler J, Bengtsson AA, Blom AM. The Complement System in Systemic
Lupus Erythematosus: An Update. Ann Rheumatic Dis (2014) 73:1601–6.
doi: 10.1136/annrheumdis-2014-205287

36. Nehring J, Schirmbeck LA, Friebus-Kardash J, Dubler D, Huynh-Do U,
Chizzolini C, et al. Autoantibodies Against Albumin in Patients With
Systemic Lupus Erythematosus. Front Immunol (2018) 9:2090. doi: 10.3389/
fimmu.2018.02090

37. Tsokos GC. Autoimmunity andOrganDamage in Systemic Lupus Erythematosus.
Nat Immunol (2020) 21:605–14. doi: 10.1038/s41590-020-0677-6

38. Berthier CC, Bethunaickan R, Gonzalez-Rivera T, Nair V, Ramanujam M,
Zhang W, et al. Cross-Species Transcriptional Network Analysis Defines
Shared Inflammatory Responses in Murine and Human Lupus Nephritis.
J Immunol (2012) 189:988–1001. doi: 10.4049/jimmunol.1103031

39. Zhu H, Mi W, Luo H, Chen T, Liu S, Raman I, et al. Whole-Genome
Transcription and DNA Methylation Analysis of Peripheral Blood
Mononuclear Cells Identified Aberrant Gene Regulation Pathways in
Systemic Lupus Erythematosus. Arthritis Res Ther (2016) 18:162.
doi: 10.1186/s13075-016-1050-x

40. Buang N, Tapeng L, Gray V, Sardini A, Whilding C, Lightstone L, et al. Type I
Interferons Affect the Metabolic Fitness of CD8(+) T Cells From Patients
With Systemic Lupus Erythematosus. Nat Commun (2021) 12:1980.
doi: 10.1038/s41467-021-22312-y

41. Yao M, Gao C, Zhang C, Di X, Liang W, Sun W, et al. Identification of
Molecular Markers Associated With the Pathophysiology and Treatment of
Lupus Nephritis Based on Integrated Transcriptome Analysis. Front Genet
(2020) 11:583629. doi: 10.3389/fgene.2020.583629

42. Nehar-Belaid D, Hong S, Marches R, Chen G, Bolisetty M, Baisch J, et al.
Mapping Systemic Lupus Erythematosus Heterogeneity at the Single-Cell
Level. Nat Immunol (2020) 21:1094–106. doi: 10.1038/s41590-020-0743-0

43. Der E, Suryawanshi H, Morozov P, Kustagi M, Goilav B, Ranabothu S, et al.
Tubular Cell and Keratinocyte Single-Cell Transcriptomics Applied to Lupus
Nephritis Reveal Type I IFN and Fibrosis Relevant Pathways. Nat Immunol
(2019) 20:915–27. doi: 10.1038/s41590-019-0386-1
Frontiers in Immunology | www.frontiersin.org 12
44. FJ D. The Role of Antigen-Antibody Complexes in Disease. Harvey Lectures
(1963) 58:21–52.

45. Trouw LA, Groeneveld TW, Seelen MA, Duijs JM, Bajema IM, Prins FA, et al.
Anti-C1q Autoantibodies Deposit in Glomeruli But Are Only Pathogenic in
Combination With Glomerular C1q-Containing Immune Complexes. J Clin
Invest (2004) 114:679–88. doi: 10.1172/JCI200421075

46. Lou H,Wojciak-Stothard B, Ruseva MM, Cook HT, Kelleher P, Pickering MC,
et al. Autoantibody-Dependent Amplification of Inflammation in SLE. Cell
Death Dis (2020) 11:1–15. doi: 10.1038/s41419-020-02928-6

47. Wener MH. Tests for Circulating Immune Complexes, Systemic Lupus
Erythematosus. New York: Springer (2014) p. 47–57.

48. Zhang Y, Kim TH, Niswander L. Phactr4 Regulates Directional Migration of
Enteric Neural Crest Through PP1, Integrin Signaling, and Cofilin Activity.
Genes Dev (2012) 26:69–81. doi: 10.1101/gad.179283.111

49. Avila-Pedretti G, Tornero J, Fernandez-Nebro A, Blanco F, Gonzalez-Alvaro
I, Canete JD, et al. Variation at FCGR2A and Functionally Related Genes Is
Associated With the Response to Anti-TNF Therapy in Rheumatoid Arthritis.
PLoS One (2015) 10:e0122088. doi: 10.1371/journal.pone.0122088

50. Hudson DM, Eyre DR. Collagen Prolyl 3-Hydroxylation: A Major Role for a
Minor Post-Translational Modification? Connect Tissue Res (2013) 54:245–51.
doi: 10.3109/03008207.2013.800867

51. Duncan AR, Winter G. The Binding Site for C1q on Igg. Nature (1988)
332:738–40. doi: 10.1038/332738a0

52. Deisenhofer J. Crystallographic Refinement and Atomic Models of a Human
Fc Fragment and Its Complex With Fragment B of Protein a From
Staphylococcus Aureus at 2.9-and 2.8-. ANG. Resolution. Biochemistry
(1981) 20:2361–70. doi: 10.1021/bi00512a001

53. Sauer-Eriksson AE, Kleywegt GJ, Uhlén M, Jones TA. Crystal Structure of the
C2 Fragment of Streptococcal Protein G in Complex With the Fc Domain of
Human Igg. Structure (1995) 3:265–78. doi: 10.1016/S0969-2126(01)00157-5

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Tang, Fang, Tan, Zhang, Yang, Li, Zhang, Saxena, Mohan and
Wu. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) and the copyright owner(s)
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.
March 2022 | Volume 13 | Article 850015

https://doi.org/10.18637/jss.v033.i01
https://doi.org/10.1038/s41586-019-1595-3
https://doi.org/10.1111/j.1600-0625.1995.tb00059.x
https://doi.org/10.1111/j.1600-0625.1995.tb00059.x
https://doi.org/10.1016/j.kint.2015.10.015
https://doi.org/10.1002/jcla.20248
https://doi.org/10.1136/annrheumdis-2014-205287
https://doi.org/10.3389/fimmu.2018.02090
https://doi.org/10.3389/fimmu.2018.02090
https://doi.org/10.1038/s41590-020-0677-6
https://doi.org/10.4049/jimmunol.1103031
https://doi.org/10.1186/s13075-016-1050-x
https://doi.org/10.1038/s41467-021-22312-y
https://doi.org/10.3389/fgene.2020.583629
https://doi.org/10.1038/s41590-020-0743-0
https://doi.org/10.1038/s41590-019-0386-1
https://doi.org/10.1172/JCI200421075
https://doi.org/10.1038/s41419-020-02928-6
https://doi.org/10.1101/gad.179283.111
https://doi.org/10.1371/journal.pone.0122088
https://doi.org/10.3109/03008207.2013.800867
https://doi.org/10.1038/332738a0
https://doi.org/10.1021/bi00512a001
https://doi.org/10.1016/S0969-2126(01)00157-5
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	Discovery of Novel Circulating Immune Complexes in Lupus Nephritis Using Immunoproteomics

	Introduction
	Materials and Methods
	Reagents
	Patients and Clinical Samples
	Protein A/G-Based Immunoprecipitation
	C1q-Based Capture/Enrichment of Immune Complex
	Identification Autoantigens With Mass Spectrometry
	Annotation Enrichment Analysis
	Gene Expression Analysis of the Autoantigens in 6 Genomic-Level Databases
	Validation of Immune Complex in LN Using ELISA
	Statistical Analysis

	Results
	Immunoproteomics-Based Discovery of Novel ICx in the Serum of LN
	Functional Relevance of Immuno-Captured Proteins to SLE or LN
	Validation of Selected Autoantigens/Immune Complexes
	Serum ICx May Reflect Pathological Disease Activity
	Gene Expression of Autoantigens in Various Cell Types in SLE

	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


