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Abstract

Objective We aimed to reveal a spatial proteomic and immune signature of kidney function regions in lupus nephritis (LN).
Material and methods The laser capture microdissection (LCM) was used to isolate the glomerulus, tubules, and interstitial
of the kidney from paraffin samples. The data-independent acquisition (DIA) method was used to collect proteomics data.
The bioinformatic analysis was performed.

Results A total of 49,658 peptides and 4056 proteins were quantitated. Our results first showed that a high proportion of
activated NK cells, naive B cells, and neutrophils in the glomerulus, activated NK cells in interstitial, and resting NK cells
were accumulated in tubules in LN. The immune-related function analysis of differential expression proteins in different
regions indicated that the glomerulus and interstitial were major sites of immune disturbance and regulation connected
with immune response activation. Furthermore, we identified 7, 8, and 9 hub genes in LN’s glomerulus, renal interstitial,
and tubules. These hub genes were significantly correlated with the infiltration of immune cell subsets. We screened out
ALB, CTSB, LCN2, A2M, CDC42, VIM, LTF, and CD14, which show higher performance as candidate biomarkers after
correlation analysis with clinical indexes. The function within three regions of the kidney was analyzed. The differential
expression proteins (DEGs) between interstitial and glomerulus were significantly enriched in the immune-related biological
processes, and myeloid leukocyte-mediated immunity and cellular response to hormone stimulus. The DEGs between tubules
and glomerulus were significantly enriched in cell activation and leukocyte-mediated immunity. While the DEGs between
tubules and interstitial were enriched in response to lipid, antigen processing, and presentation of peptide antigen response
to oxygen-containing compound, the results indicated a different function within kidney regions.

Conclusions Collectively, we revealed spatial proteomics and immune signature of LN kidney regions by combined using
LCM and DIA.
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Introduction is difficult to make a milestone to improve the prognosis,

probably caused by the complex immune microenviron-

LN is a severe complication of SLE, but it is the most
common complication. At least 50% of SLE patients will
develop LN, and 10-20% will progress into end-stage
renal disease (ESRD) within 5 years [1, 2]. Despite the
application of immunosuppressive therapy, the incidence
of LN remained at a high level, and the treatment of LN
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ment of LN [3]. Abnormalities of innate and adaptive
immunity were essential components of the pathogenesis
of lupus. The production of autoantibodies against nuclear
and cellular antigens and renal deposition of immune com-
plexes, as well as activation of dendritic cells and interac-
tions of T and B cells within the kidney, complement acti-
vation, and other pathways, can lead to renal inflammation
and damage [4]. The disorder of the immune environment
of the kidney was critical to the prognosis of the kidney
with LN. Therefore, the immune regulatory agents were
the promising options for treating lupus nephritis [5].
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The generally accepted LN classification system of the
International Society of Nephrology and Renal Pathol-
ogy (ISN/RPS) mainly focused on glomerular pathol-
ogy—assessment of cellular composition and presence
of immune complexes in glomeruli by light and electron
microscopy [6], but this was not consistent with the prog-
nosis of patients completely [7-9]. In some cases, inter-
stitial injury, rather than glomerular injury, was more pre-
dictive of renal prognosis [9]. Furthermore, the damage
degree of interstitial was significantly correlated with poor
response to treatment [10]. Interstitial inflammation and
tubular atrophy were the significant symptoms of renal
prognosis, but they were not necessarily to synchronized.
Detailed analysis of the whole pathology of the kidney is
rare and challenging. Though high-dimensional cellular
analysis might achieve, single-cell RNA sequencing could
describe cell populations in small biopsy samples from
damaged kidney tissue [11]. However, this method has
high requirements for samples, The small kidney biopsy
specimens need to be preserved in a way of preserving
intact and living cells. The bulk tissue was often used as
the research object, in which there is inability to distin-
guish the same cell type from different compartments. As
we know, the paraffin block of the kidney tissue is the most
often storage method. Therefore, how to make a full use of
these paraffin blocks is also attractive for the researchers
and the clinicians.

Proteins are molecules that directly perform functions
and can better reflect the functional activities of cells.
Studies have shown that the proteomics in urine is highly
correlated with the proteomics in the kidney [12], indicat-
ing that non-invasively monitoring the immune status in
the kidney or determining disease features that can be used
for diagnosis. Detailed analysis of the immune profile of
distinct compartments within the kidneys of LN patients
may provide new insights into pathways associated with
histopathology and help delineate disease heterogeneity.
Such insights may inform treatment decisions and guide
the development of new drugs.

In the present study, we used laser microdissection, which
can isolate anatomic tissue compartments, and DIA protein
quantification techniques to analyze the immunological
characteristics of glomeruli, interstitial, and tubules from
renal tissue paraffin sections of LN patients to draw a spatial
proteomics landscape and immune signature, which might
help us better understand molecular mechanisms underlying
different regions of the LN kidney and discover potential
diagnostic/prognostic markers.
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Materials and methods
Patient samples

The human studies involved were approved by the ethics
committee of Shenzhen People’s Hospital. Informed con-
sent for human tissues for research purposes was obtained
from all patients recruited in this study. 21 LN tissues from
LN patients and 11 normal control kidney tissues (NC) col-
lected from para-cancer tissue of renal carcinoma without
pathological changes and invasion and metastasis to tubule
were included in proteomic sequencing. All the patients
were diagnosed with LN according to the 2003 International
Society of Nephrology/Renal Pathology Society classifica-
tion [6]. The LN activity and chronicity were determined
according to the National Institutes of Health (NIH) activity
(NIH-AI) and chronicity indices (NIH-CI) [13]. The clinical
parameters are shown in Table 1.

Sample prepared and LCM

For mass spectrometry (MS) data collection in data-depend-
ent acquisition (DDA) mode, six formalin fixation and par-
affin-embedding tissue samples (3 from LN and 3 from the
normal kidney) were collected from the renal needle punc-
ture and nephrectomy specimens within 1 h after removal.
The section size is about 5—7 mm long and 0.5—-1 mm wide,
with a thickness of 10 pm. To acquire mass spectrometry
data in data-independent acquisition (DIA) mode, the paraf-
fin block of patient samples from renal needle biopsy was
sectioned into 10 pm-thick with a clean blade and trans-
ferred to a thermoplastic membrane slide (PET Frame Slide,
steel frames, RNase-free Leica, Germany). The glomerulus,
tubules, and interstitial structures were selectively isolated
by Leica microsystems LMD System (LMD7000, Leica,
Germany) with a UV laser (10 X microscope objective). The
characteristic set as power was set for 38, the aperture was
14, and the speed was 4. The tissue fragments dropped into
cap tubes due to gravity. 5-8 glomerular, tubules, and inter-
stitial structures of the same size were obtained from each
slide. The represented images are shown in Supplementary
Fig. 1.

Protein extraction, enzymolysis, and desalted

Samples were centrifuged at 20,000g at room temperature
for 10 min. Then the samples were processed by follow-
ing steps—add 20 pL of 50 mM aqueous ammonium bicar-
bonate containing dithiothreitol (DTT) concentration of
10 mM; 95 °C metal bath reaction 30 min; iodoacetamide
(IAM) was added immediately after the end temperature
of the reaction was reduced to room temperature, the final
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Table 1 The clinical parameters for study population

Group LN Control

Age (years) 31.28+13.19 385+5.4
Sex (female/male) 17/4 0/11

BUN 10.8 £5.67 11.47+2.3
C3 (mg/dl) 0.53+0.38 0.64+0.53
C4 (mg/dl) 0.095+0.09 0.46+0.43
Hemoglobin (g/L) 92.31+19.18 117+23.55
White Blood Cell (10%/L) 8.3+4.67 11.09+4.42
Lymphocytes (10°/L) 1.7+£1.55 1.8
Thrombocyte (10%/L) 262.43+108.58 285.85+.70
Proteinuria/24 h (g/L) 2.94+1.35 N

Cystatin C (mg/L) 2.42+1.01 276 £1.31
dsDNA (IU/mL) 468 +461 N

SCr (pmol/L) 128.86 +50.82 97.14+£21.43
IgA (g/L) 235+1.14 N

IgG (g/L) 11.9+6.46 N

IgM (g/L) 1.07+0.52 N

concentration was 50 mM, and it was allowed to stand for
30 min at room temperature protected from light. The sam-
ple tube was placed into the water bath sonicate for 20 min.
0.2 pg of trypsin enzyme was added to each sample tube for
enzymatic lysis, followed by shaking and mixing well for
30 s, 800g centrifugation at room temperature for 10 s, enzy-
matic digestion in a water bath pot at 37 °C for 14 to 16 h.
Activation: take a new C18 column, use 1 mL methanol to
pass the column, and flow rate 3 drops/s. Equilibrium: use
1 mL 0.1% FA over the column, flow rate 3 drops/s. Load-
ing: Protein liquid sample diluted with SDS-free (sodium
lauryl sulfate) protein lysate to 1 mL over-column flow rate
1 drop/s. Washing: use 1 mL 0.1% FA over the column, flow
rate 3 drops/s, and repeat 3 times. Elution: slowly elute with
800uL 75% ACN at a flow rate of 0.5 drops/s, and collect
the eluent. Drainage: the eluent was then frozen and drained.

Data analysis

The experimental procedure of High pH RP separation and
DDA and DIA analysis by nano-LC-MS/MS is described
in supplementary methods. DDA data were identified using
MaxQuant (version 1.5.3.30). Peptide/protein entries that
satisfied FDR <1% were used to build the final spectral
library. Data was reviewed according to the UniProtKB/
Swiss-Prot H. sapiens proteome database. Parameters were
selected as follows: (1) Enzyme: Trypsin; (2) Minimal pep-
tide length: 7; (3) PSM-level FDR and Protein FDR: 0.01;
(4) Fixed modifications: Carbamidomethyl (C); (5) Variable
modifications: Oxidation (M); Acetyl (Protein N-term). DIA
data was analyzed using Spectronaut (version 12), using iRT
peptides to calibrate retention time. FDR was estimated

using the mProphet scoring algorithm, which accurately
reflects the matching degree of ion pairs. Then, based on
the target-decoy model applicable to SWATH-MS, the false
positive control is completed with FDR not exceeding 1%.
MSstats (quantile normalization) screened DEPs according
to a difference multiple > 1.5 and P < 0.05 as the criteria for
determining significant differences.

Identification and correlation of disease immune
infiltrate cells

To determine the enrichment levels of classical immune sig-
natures, we performed single sample gene set enrichment
analysis (ssGSEA) on the log2-transformed, normalized
gene expression data using GSVA (v.1.38.2) in each sample
using the R package. The infiltration levels of 28 immune
cell types were quantified based on 782 genes expressed
explicitly in specific immune cell types [14]. The CIBER-
SORT algorithm, which can perform linear support vector
regression to deconvolute gene expression profiles, was used
to estimate the number of immune cells in samples [15]. We
assessed the proportions of 22 types of infiltrating immune
cells in all samples using the CIBERSORT method in R soft-
ware and showed the immune cell composition of patients
with varied immune patterns using immune cell content
stacking plot. Differences in immune cell proportions were
evaluated using the Wilcoxon rank-sum test. P <0.05 was
considered statistically significant.

Immune-related genes identified

To obtain more effective convinced proteins on behalf of
three regions of the kidney in LN and control samples, func-
tional analysis and downstream associations with DEPs were
restricted to the 4880 protein groups. The number of “NA”
identified by MSSTAT was observed in>50% of samples
(Table S1). 17,731 immune-related genes were obtained
from ImmPort databases (https://www.immport.org/). The
DEGs with an adjusted P value < 0.05 and absolute fold-
change > 1.5 were considered significant and employed for
further analysis.

Bioinformatic analyses

The differentially expressed genes between different groups
and immune-related genes among them were conducted
by Gene ontology (GO) and KEGG enrichment analysis to
further elucidate the biological, cytology role, and related
pathway. To investigate the differences in biological pro-
cesses between different subareas, based on a dataset of gene
expression profiles from LN and NC samples, we performed
gene set enrichment analysis (GSEA). GSEA is commonly
used to estimate the changes in the pathways and biological
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activities in the samples of expression datasets. In the study,
the GSEA was performed to functionally elucidate the bio-
logical roles of the DEPs in the part of the immune. The
gene sets and “c5.go.v7.2.symbols.gmt” were retrieved from
the MSigDB database for use in the GSEA. The analysis
was based on the cluster Profiler and enrich plot package. P
values < 0.05 and FDR < 0.05(BH) were considered as sta-
tistically significant.

Protein—-Protein Interaction (PPI) Network and hub
gene identified

PPI network analysis was constructed with the immune-
related DEPs using the STRING interactome (https://string-
db.org/). CytoHubba was employed to screen hub genes
signatures in the network. Five models including MCC,
DMNC, MNC, Degree from CytoHubba, identified the hub
genes.

Statistical analysis

Correlation coefficients between different genes were esti-
mated via Pearson and Spearman correlation analyses. All
statistical P values were two-sided, and P <0.05 was con-
sidered statistically significant.

Results
FFPE kidney tissue workflow

One of the highlights of our method permitted the analysis of
such a minimal sample from FFPE blocks. The procedure is
schematically illustrated in the graphical abstract (Fig. 1A).
The different regions of kidney tissue from 10 pm FFPE
were isolated using LCM. The proteomic profiles of differ-
ent regions of kidney tissue were depicted in combination
with the technique of DIA protein quantification. The sam-
ples of interest went through mass spectrometry data col-
lection in DDA mode. The number of peptides and proteins
in the spectral library was 81,374 and 8309, respectively.
Our data also identified the kidney-specific proteins in the
glomerulus, tubules, and interstitial, respectively (Fig. 1B).
Basic statistics of the DDA identification results, including
unique peptide distribution, protein mass distribution, and
protein coverage distribution, were shown in supplementary
Fig. ST1A. 95 samples in total contributed mass spectrometry
(MS) data in DIA mode. 49,658 peptides and 4056 proteins
were quantitated using MSstats software packages. The
quantitative statistics of each sample are shown in supple-
mentary Fig. S1B.
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Immune cell infiltration patterns characterized
by different regions of the kidney

LN is an immune disease. The alteration of the immune
microenvironment in the kidney contributes greatly to the
progression of the LN. The CIBERSORT algorithm was
used to assess the relative subpopulations of immune cell
infiltration, including 22 distinct leukocyte subsets among
three regions in the kidney of the LN and control group.
The ssGSEA was performed to show the immune signature
scores. CIBERSORT analysis showed that patients with LN
had a high proportion of activated NK cells, naive B cells,
and neutrophils in the glomerulus. These three cell types
make up 19.0%,11.8%, and 11.1% of the cell subsets, respec-
tively. In the renal interstitial, the LN group was associated
with a high proportion of activated NK cells (14.8%). How-
ever, the NC group was positively correlated with T regula-
tory cells (Tregs) (18.8%). In the renal tubule, resting NK
cells accounted for the largest proportion in both LN and NC
groups with a proportion of 24.4% and 35.7% (Fig. S2A).
These results indicated different immune cell infiltration into
different regions of the LN kidney.

The correlation between LN and the immune cells was
also calculated (Fig. S2B). The correlation of LN and NC
was different, indicating that the disease affected the distri-
bution of immune cells. In the LN glomerulus, plasma cells,
naive B cells, naive CD4 T cells, CD8 T cells, eosinophils,
and neutrophils showed a significant positive correlation. In
contrast, T follicular helper cells and activated T cells CD4
memory showed a significant negative correlation. Similarly,
in the renal interstitial, activated NK cells showed a negative
correlation with memory B cells but a positive correlation
with activated memory T cells. M2 macrophages and neu-
trophils also showed a positive correlation. In renal tubules,
eosinophils and activated mast cells have a positive correla-
tion. T follicular helper cells, MO macrophages, and naive
B cells also correlate positively.

Different Immune Cell Infiltration between LN
and NC group

To compare the differences in immune infiltration between
LN and NC groups, ssGSEA (Fig. 2) and CIBERSORT (Fig.
S2) were used. Principal component analysis (PCA) of the
enrichment score and proportion of immune cells indicated
that the two groups could be well discriminated, especially
in renal interstitial (Fig. S3). In addition, the immune sig-
nature scores of LN samples were greater than those of
NC samples, especially in the renal interstitial samples
(P<0.05) (Fig. 2B).

Activated B cells in the glomerular of the LN group have
higher immune signature scores (Fig. 3A) while the analy-
sis revealed that patients with LN have significantly higher
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levels of naive B cells, CD8 T cells, activated mast cells, and
eosinophils than in NC, representing more adaptive immune
cells. However, lower levels of M2 macrophages and acti-
vated dendritic cells than in NC are noted (Fig. S4A).
ssGSEA analysis showed that activated B cells, immature
B cells, and immature and plasmacytoid dendritic cells had
higher immune signature scores in renal interstitial samples
of the LN group (Fig. 3B, D). Among T cells, the activated
and effector memory CD4 T cell, all types of CD8 T cells,
including activated CD8 T cell, central memory, and effector
memory CD8 T cell had higher immune enrichment scores
in the LN group (Fig. 3F). The renal interstitial samples in
LN showed a higher proportion of gamma delta T cells and
neutrophils. Still, they exhibited a remarkably lower infiltra-
tion ratio of resting CD4 memory T cells, follicular helper
T cells, regulatory T cells (Tregs), and eosinophils than the
NC group (Fig. S4B). These results showed that the renal
interstitial had a stronger cellular immune response in the
LN group.

In the normal tubule samples, the enrichment level of
activated and immature B cells was elevated in the LN
group (Fig. 3C). However, interestingly, the enrichment
scores of the activated and central memory CD4 T cell,
activated CD8 T cell, and Th17 helper cell were reduced in
LN group (Fig. 3G), which means lower T cell activation in
renal tubules during LN stage, or may be the results of cell
migration. The same situation happens with immature and
plasmacytoid dendritic cells (Fig. 3E).

In the normal tubule samples, plasma cells, CD8 T cells,
follicular helper T cells, gamma delta T cells, resting den-
dritic cells, and activated mast cells were not identified using
the CIBERSORT algorithm. While compared with the LN
group, regulatory T cells were significantly higher in renal
interstitial and tubules (Fig. S4C), consistent with the fact
that regulatory T cells lessen during the SLE progression.

Overall, B cells, plasma, and CD8 + T cells were all ele-
vated in the LN group’s glomeruli, interstitial, and tubules.
As the strongly antigen-presenting cells, DC cells signifi-
cantly increased in the LN group, mainly distributed in renal
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Fig.2 Overview of the immune enrichment score based on ssGSEA
analysis. A Heatmap of immune enrichment score of three compart-
ments in both LN and NC kidney samples. B Boxplot of the com-

interstitial and around tubules. Therefore, the LN group
showed more active and abundant immune cells than the
NC group, leading to a response to disease progression.

Immune-related functional enrichment analysis
of DEPs

A differential study of LN samples and NC samples revealed
that compared with the NC group, 145 DEPs in the glomeru-
lus (60 of them were upregulated and 85 were downregu-
lated) (Fig. 4A), 443 DEPs in renal interstitial (427 of them
were upregulated and 16 were downregulated) (Fig. 4B),
466 DEPs in kidney tubules (99 were upregulated and 367
were downregulated) (Fig. 4C), in LN group. Then, the GO
and KEGG analysis was performed. The biological pro-
cess of GO analysis shows that the DEPs in the glomerulus
were mainly involved in immunologic disorder terms, such
as humoral immune response, activation of the immune
response, complement activation, lymphocyte-mediated
immunity, and B cell-mediated immunity (Fig. 4D). The
GO terms of renal interstitial include biology associated
with organizational structure and translation (Fig. 4E).
In contrast, the enriched terms of the biological process
were related to metabolic including generation of precur-
sor metabolites and energy, energy derivation by oxidation
of organic compounds, cellular respiration, ATP metabolic
process, oxidative phosphorylation, and fatty acid metabolic
process in tubules (Fig. 4F).

To compare the overall difference between the DEPs
with pathway, heat maps of the KEGG pathway of the three
parts of the kidney were drawn (Fig. 4G). The significantly
enriched KEGG signaling pathways appear to show distinct
differences between the three regions. Fc gamma R-mediated
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phagocytosis, complement and coagulation cascades, Staph-
ylococcus aureus infection, Systemic lupus erythematosus,
and estrogen signaling pathway were enriched in the glo-
merulus, which is more relevant to the features of lupus.
At the same time, the pathway of antigen processing and
presentation and endocytosis were mainly enriched in the
renal interstitial. Notably, the DEPs of tubules showed clear
metabolic-related biology, and the enrichment of immune-
related pathways was not noticeable.

To further analyze the immune aspect difference, we
performed GSEA-GO on all genes in three parts between
LN and normal samples, respectively. The immune-related
biological processes, such as the B cell receptor signal-
ing pathway, regulation of B cell activation, and positive
regulation of lymphocyte activation, were activated in the
glomerulus (Fig. 4H). In contrast, the biological processes,
such as humoral immune response mediated by circulating
immunoglobulin, acute inflammatory response, and comple-
ment activation, were inhibited in renal interstitial (Fig. 4I).
The immune-related biological processes, such as negative
regulation of innate immune response, negative regulation
of cytokine production, and antigen processing and presenta-
tion of peptide or polysaccharide antigen via MHC class II,
were activated in tubules (Fig. 4J).

These results suggested that the glomerulus and inter-
stitial were significant immune disturbance and regulation
sites.

Immune-related DEPs analysis

The immune-related key genes might significantly influence
LN's clinical outcome. Herein, we retrieved immune-related
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The intersections of DEPs in three regions on immune-
related genes from the ImmPort dataset are shown in
Venn diagrams (Fig. 5A). There were 25, 40, and 40
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immune-related DEPs in the glomerulus, interstitial, and
tubules, respectively. Furthermore, we found higher expres-
sion of immune-related genes in the LN group, which was
compatible with the higher infiltration of immune cells.
These dysregulated immune-related genes may invoke an
immune disorder in the LN. Notably, ALB, A2M, IGHV1-2,
and IGKV3-15 were dysregulated in all regions, and ALB,
IGHV1-2, and IGKV3-15 upregulated in the LN group, indi-
cating that these genes may play important roles in partici-
pating immune regulation in LN.

Subsequently, we annotated these immune-related DEGs
at three regions through biological processes in Gene Ontol-
ogy (Fig. 5B-D). Biological process analysis of the DEGs
revealed immune biology in three regions was unlike, which
illustrated that different regions of kidney play different roles
in the way that they participate in the immune response in
LN compared with NC. The LN group expressed higher
amounts of immunoglobulin and MHC I- and II-related
antigen-presenting molecules than the NC group, resulting
in stronger immunogenicity (Fig. SE, F).

Correlation between immune-related genes
and immune cells

Correlations between immune infiltrate cells and immune-
related genes in different regions were performed to analyze
the potential status of immune-related genes further.

To find the key immune-related DEPs that play an impor-
tant role in the biological process and may play a leading
regulatory role in the pathway, protein—protein interaction
(PPI) network analysis was performed on immune-related
genes using STRING, and 24 hub genes—all ranked in the
top five algorithms—were obtained using Cyto-Hubba.
There were 7, 8, and 9 hub genes in the glomerulus, renal
interstitial, and tubules, respectively (Fig. 6A-C).

To further examine the value of these hub genes, correla-
tion analysis between immune enrichment scores of infiltrate
cells and immune-related hub genes in different regions was
performed and shown in Fig. 6D-F. Meanwhile, the correla-
tion based on these hub genes and immune infiltrate cells
in separate compartments are shown in Fig. S5. Notably,
ACTG1, VIM, ALB, CDC42, and CTSB in the glomerulus,
HSPAS, HSPAB1, HSPAIA, PDIA3, PPIA, HSP90ABI,
PRDXI1, and ALB in renal interstitium, and A2M, ALB,
LCN2, LTF, CD14, S100A8, and S100A9 in tubule were
discovered to be significantly correlated with the enrichment
scores of immune cell subsets (P <0.05), significantly dif-
ferent between LN and NC groups (P <0.05). These results
suggested that these genes are more likely to play an impor-
tant role in the immune pathogenesis of LN.

To further evaluate the correlations between the proteins
that these hub genes represent and clinical indices, Spear-
man’s correlation analysis was performed as shown in Fig. 7.

@ Springer

In the glomerulus, we found that cystatin C was significantly
correlated with ALB and CTSB but negatively correlated
with ALB and positively correlated with CTSB (Fig. 7A).
CTSB was negatively correlated with the Type 2 helper T
cells based on immune score (Fig. 7D). CDC42 decreased
in the sample of LN group and negatively related to the Scr,
which shows that it may be a protective protein. CDC42 and
VIM were positively correlated with activated dendritic cells
and Type 2 helper T cells (Fig. 7F, G). ALB, LCN2, and LTF
are associated with Scr in renal tubules, and A2M and LTF
are associated with the Al index. LCN2 and LTF positively
correlate with the immune scores of CD56 bright natural
killer cells (Fig. 7J, K). The immune score of A2M was posi-
tively correlated with immature dendritic and natural killer
cells (Fig. 71). CD14 was positively correlated with 24-h
urine protein and monocyte (Fig. 7L). The clinical relation-
ship of these genes suggested their potential as biomarkers
representative of different renal sites and may be associated
with mechanisms of disease progression.

In addition, we found six secreted proteins among the
nine key immune-related proteins above based on the
Human Protein Atlas (HPA) database (Table 2). By search-
ing the Urinary Protein Biomarker Database (UPBD), these
proteins increased in some kidney diseases, which means
they have potential in diagnosis and prognosis as candidate
biomarkers.

Immune infiltration characteristic between three
compartments

The pathophysiological alteration of the renal regions con-
tributed significantly to the development of the disease.
The fractions and enrichment scores of immune infiltrate
cells were significantly different among glomerulus, inter-
stitial, and tubules such as native B cells (Fig. S6). Interest-
ingly, in the control group, the degree of difference between
the proteins in each compartment of the kidney was more
abundant and conspicuous (Fig. S6A, B). For example, in
normal kidneys, there are differences in immature dendritic
cells between glomeruli and interstitial and between inter-
stitial and tubules. However, this type of cell was not sig-
nificantly different between each compartment in the LN
group (P> 0.05), suggesting that the occurrence of LN may
alter the abundance of cell types between kidney regions. A
significant increase in the subpopulation of the neutrophils
and native B cells marked the samples of the glomerulus.
In contrast, the tubule samples were characterized by the
remarkably highest quiescent immune cells, such as rest-
ing NK cells and resting memory CD4 T cells (Fig. S6C,
D). The abundance of active infiltrating lymphocyte was
significantly associated with antigen—antibody interactions,
suggesting that the glomerulus was a much more important
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CD14 Not significant

clinical index and immune enrichment score of differentially immune
cells between the LN and NC groups

Subsequently, the DEPs between glomerular, inter-
stitial, and tubules were identified to be further analyzed
(Fig. 8A-C). To further evaluate these DEPs between
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Table 2 Potential candidate key proteins

Protein  Secreted pro- Secreted Detected in Increased in kidney diseases (UPBD)
tein (HAP)  toblood urine (UPBD)

CTSB Y Y Y IgA glomerulonephritis

VIM N / /

CDC42 N / /

ALB Y Y Y IgA glomerulonephritis, Acute kidney failure, Diabetic Nephropathy, Nephrotic syndrome

A2M Y Y Y Nephrotic syndrome

LCN2 Y Y Y Acute kidney failure, Renal fibrosis, Nephrotic syndrome, Diabetic Nephropathy,
Nephrotic syndrome with diffuse membranous glomerulonephritis, Congenital hydrone-
phrosis, Kidney transplant rejection, Contrast-induced Nephropathy, Lupus Glomerulo-
nephritis, Autosomal Dominant Polycystic Kidney Disease

LTF Y Y Y Congenital occlusion of ureteropelvic junction

CD14 Y Y Y Kidney transplant rejection

Y yes, N no, HPA The Human Protein Atlas database, UPBD Urinary Protein Biomarker database

three compartments, immune-related genes were filtrated
by comparing them with immune-related genes from the
ImmPort dataset. Venn diagrams revealed 7, 36, and 21
immune-related shared genes in the group of interstitial (I)
vs glomerulus (G), (Tubules) T vs G, and T vs I, respec-
tively (Fig. 8D). The GO-biological process analysis shows
different immune-related terms among three regions. The
DEGs between interstitial and glomerulus were signifi-
cantly enriched in the immune-related biological processes
and myeloid leukocyte-mediated immunity and cellular
response to hormone stimulus (Fig. 8E). The DEGs between
tubules and glomerulus were significantly enriched in the
terms: cell activation and leukocyte-mediated immunity
(Fig. 8F). While the DEGs between tubules and interstitial
were enriched in the terms: response to lipid, antigen pro-
cessing and presentation of peptide antigen, and response to
oxygen-containing compound (Fig. 8G). These results were
consistent with previous results that showed more immune-
related pathways in the glomerulus.

To better characterize the immune profile of each region,
differences in the expression patterns of immune genes
uniquely expressed in each region were explored. We
screened four genes (TINAGLI1, C3, HDGF, CTSB) that
were only elevated in the glomerulus, one gene (TNC) only
elevated in renal interstitial, seven genes (CAT, PRDX1,
FABP3, CALR, B2M, NDRG1, PSMD5) only upregulated,
and one gene (ZYX) only downregulated in tubules com-
pared to other regions respectively. To explore the potential
role of these immune-related differential expressed genes,
the correlation of the expression level of these genes with
the ICI was presented, as shown in the Fig. 9.

Discussion

Previous studies on renal proteomics and immune infil-
tration were often based on bulk tissues, but these intact
tissues could not tell which cell populations contributed
most to the different compartments of the kidney. Differ-
ent compartments of kidneys with LN might contain unique
subsets of immune cells or cells with activation states that
have not previously been described. In this study, we pro-
vide detailed proteogenomic profiles and immune infiltration
landscapes of different kidney regions in LN patients and
control groups.

It revealed the different infiltration of immune cells
between the NC and LN groups and the distribution of
immune cells between different kidney regions. Through
biological function analysis, the immune role of immune-
related genes in three regions of the kidney in the patho-
genesis of LN was demonstrated. Using immune cell and
gene correlation analysis and cyto-hub algorithms, we have
identified key immune-related genes that may play an impor-
tant role in the pathogenesis or serve as biomarkers for diag-
nosis or disease progression. We screened out ALB, CTSB,
LCN2, A2M, CDC42, VIM, LTF, and CD14 to show higher
performance in the disease progression of LN.

Finally, we compared the landscape of immune cells
and genes between three regions. Comprehensive proteog-
enomic data in different kidney regions provided a more
profound exposition of established LN biology, often with
potential therapeutic significance. Proteins, rather than
genes, are the ultimate agents of biological function. LN
is a typical immune disorder and we comprehensively ana-
lyzed it from the perspective of immune infiltration.

B cells were activated and infiltrated significantly in the
glomeruli of LN renal tissue, but we also found elevated
levels in the interstitial and tubules. The systemic defects of
B cell tolerance in SLE lead to the production of high titer
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autoantibodies, and B cell function in LN is also hyperactive.
Development of tertiary lymphoid organs in the tubuloint-
erstitial tissue leads to clonal expansion of B cells, plasma
cells, and persistent somatic hypermutation that can lead to
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T T T
02 03 04 05
GeneRatio

between three compartments Venn diagram. GO enrichment analysis
of immune-related DEPs between different kidney compartments in
LN E glomerulus, F interstitial, G tubules

intrarenal autoantibody production, inflammation, and tissue
injury in proliferative lupus nephritis. B cells play a critical
role in the pathogenesis of SLE [16], so B cell depletion
therapy remains an attractive treatment option. For instance,
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Rituximab and Obinutuzumab, the anti-CD20 antibody, can
deplete the autoreactive B cells, thereby attenuating the pro-
duction of autoantibodies involved in disease manifestations
[17,18].

The importance of T cells to LN disease pathology was
demonstrated in MRL-Ipr mice, which developed less
severe kidney disease after T cell depletion [19]. It has been
shown that CD8 + T lymphocytes are the primary infiltrating
immune cell type in the LN kidney [20]. Tubulointerstitial
CDS8 + T cell infiltrates correlate with clinical and patho-
logical injury indicators, such as SLEDALI sore, SCr level,
proteinuria, the ratio of glomerulosclerosis, and tubuloint-
erstitial inflammation and fibrosis in LN. Tubulointerstitial
CD8+T cells> 130/mm? were independently correlated
with an ESRD [21]. CD8 + T also infiltrates glomeruli. Fur-
thermore, urinary CD8 + T cell counts discriminate between
active and inactive lupus nephritis more accurately [22].

Autoimmune diseases are associated with dysfunctional
regulatory T cells (Tregs) due to their impaired ability to
inhibit the function of activated T cell effects and B cells.
In SLE patients and lupus-prone mice, reduced Treg cells
were positively correlated with disease activity and impaired
T cells’ ability to produce IL-2 [23, 24]. There is evidence
that the number of naturally occurring Treg cells in the
peripheral blood of SLE patients is significantly decreased
and dysfunctional compared with normal people. A simi-
lar result has been observed in the peripheral blood of LN
patients [25, 26]. Some scholars have studied lupus mice
and found that the number of CD4 4 CD25 + Foxp3 + Treg
cells decreased in the advanced stage of the disease [27],
suggesting that the decrease in the number of cells is related
to the pathogenesis of lupus mice. In vitro Tregs can prevent
glomerulonephritis and alleviate LN in lupus mice [28].

Our study showed that Cathepsin B was involved in
antigen processing and presentation of the KEGG pathway,
which was encoded by the CTSB gene. Mendelian rand-
omization analysis showed a causal relationship between
CTSB levels and SLE [29], suggesting it has the potential
as a diagnostic/prognostic biomarker. However, the role
of CTSB in the kidney of SLE patients is unknown. In
this study, it was elevated in the glomeruli, so whether
it plays a role in the course of LN disease needs further
experimental verification. Microarray analysis of renal
macrophages in NZB/W mice (https://www.ncbi.nlm.
nih.gov/geo/) suggested that CTSB in the lupus nephritis
stage was higher than that in the pre-lupus nephritis stage,
but decreased after remission, suggesting that CTSB is
involved in the damage of lupus kidney tissue (DataSet:
GDS4194).

In addition, our results showed that LCN2 was posi-
tively correlated with the immune scores of Natural
killer cells. Sun Lingyun’s team [30] demonstrated that
the expression levels of PBMC in peripheral blood and
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LCN2 in kidney tissue were significantly increased in
LN patients and significantly positively correlated with
acute activity index (AI), chronic activity index (CI), and
tubulointerstitial inflammation index of a kidney. Further
analysis showed that the expression of LCN2 in renal T
cells, macrophages, neutrophils, and renal tubular epithe-
lial cells was significantly increased compared with the
control group. In addition, this study provides evidence
that LCN2 promotes Th1 cell differentiation through the
IL-12/STAT4 pathway in an autocrine or paracrine manner
that aggravates LN inflammation. The high expression of
LCN?2 is significantly correlated with the clinical condi-
tion and pathological kidney damage in patients with LN,
indicating that LCN2 is involved in the occurrence and
development of LN and can be regarded as a potential
biomarker. These proteins might potentially develop as
diagnostic/prognostic biomarkers for LN.

There are some limitations in this study. One is that the
cell model or animal model should test the function of the
hub gene to obtain a certain role of the hub gene in lupus
nephritis. Furthermore, the gender of the control group is
all male, which may be caused by accidental factors. Most
LN patients are female, which falls into the morbidity of
LN between females and males.

In conclusion, we revealed spatial proteomics and
immune signature of LN kidney regions using LCM and
DIA, which helped us better understand the functions of dif-
ferent kidney regions contributing to the pathogenesis of LN.
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