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Background. As a common urological disease with a high recurrence rate, nephrolithiasis caused by CaOx may elicit a strong
immunologic response. We present a CyTOF-based atlas of the immune landscape in nephrolithiasis models to understand
how the immune system contributes to, and is affected by, the underlying response caused by SIRT3 knockout and CaOx
inducement. Materials and Methods. We performed a large-scale CyTOF analysis of immune cell abundance profiles in
nephrolithiasis. The immunophenotyping data were collected from four different mouse models, including the SIRT3 wild-type
or knockout, including and excluding CaOx inducement. Unsupervised analysis strategies, such as SPADE and viSNE, revealed
the intrarenal resident immune components and the immune alterations caused by SIRT3 knockout and CaOx-induced renal
injury. Results. An overview analysis of the immune landscape identified T cells and macrophages as the main immune cell
population in nephrolithiasis models. Highly similar phenotypes were observed among CD4+ and CD8+ T cell subsets,
including cells expressing Ki67, Ly6C, Siglec-F, and TCRβ. Macrophages expressed a characteristic panel of markers with
varied expression levels including MHC II, SIRPα, CD11c, Siglec-F, F4/80, CD64, and CD11b, indicating more subtle
differences in marker expression than T cells. The SIRT3KO/CaOx and SIRT3WT/CaOx groups exhibited global differences in
the intrarenal immune landscape, whereas only small differences existed between the SIRT3KO/CaOx and SIRT3KO/Ctrl
groups. Among the major immune lineages, the response of CD4+ T cells, NK cells, monocytes, and M1 to CaOx inducement
was regulated by SIRT3 expression in contrast to the expression changes of B cells, DCs, and granulocytes caused by CaOx
inducement. The panel of immune markers influenced by CaOx inducement significantly varied with and without SIRT3
knockout. Conclusion. In a CaOx-induced nephrolithiasis model, SIRT3 has a critical role in regulating the immune system,
especially in reducing inflammatory injury. The characteristic panel of altered immune clusters and markers provides novel
insights leading to improved prediction and management of nephrolithiasis.

1. Introduction

Nephrolithiasis is a common urological disease with a nearly
50% recurrence rate within five years of the first occurrence.
It has been reported that 80% of stones associated with the
disease are composed of calcium, occurring as pure calcium

oxalate (CaOx) or mixed with calcium phosphate (CaP) [1].
The formation of nephrolithiasis starts with supersaturation
and crystallization of CaOx in the renal tubular lumen [2].
The deposit of CaOx crystals adheres to injured and dead
renal tubular epithelial cells, leading to further crystal aggre-
gation [3]. Therefore, necrosis and apoptosis of renal tubular

Hindawi
Journal of Immunology Research
Volume 2021, Article ID 1260140, 15 pages
https://doi.org/10.1155/2021/1260140

https://orcid.org/0000-0002-0015-7855
https://orcid.org/0000-0002-7413-6061
https://orcid.org/0000-0002-2447-8813
https://orcid.org/0000-0001-5181-0888
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2021/1260140


epithelial cells are important in CaOx kidney stone
formation.

Sirtuin 3 (SIRT3) is an NAD-dependent deacetylase that
regulates acetylated substrate peptides, maintains energy
homeostasis, and decreases ROS production and inflamma-
tion in proximal tubular epithelial cells [4]. Previous studies
have shown that SIRT3 could prevent oxalate damage by
promoting M2 polarization of macrophages and inhibiting
cell death in renal tubular epithelial cells, indicating that
SIRT3 has a protective role in the pathophysiology of
nephrolithiasis [5].

Emerging data suggest that urinary CaOx could elicit a
strong immunologic response. Kusmartsev et al. demon-
strated that renal CaOx crystal deposits are usually sur-
rounded, engulfed, and eventually disintegrated by tissue
macrophages [6]. Furthermore, these activated macrophages
release an array of cytokines and chemokines to attract cir-
culating monocytes to the site of the injured tissue [7]. Sim-
ilarly, Taguchi et al. recently demonstrated by renal papillary
tip tissue biopsy that human CaOx stone formers have high
amounts of tissue inflammatory markers [8]. However, mac-
rophages may exhibit both proinflammatory and anti-
inflammatory functions, depending on their phenotype and
activation status.

Innovative single-cell technologies such as mass cytome-
try (CyTOF) can be used to comprehensively analyze the
immune behavior in nephrolithiasis. In particular, CyTOF
enables the simultaneous measurement of parameters previ-
ously presented at the single-cell level by combining metal
isotope-labeled antibodies with mass spectrometry detection
[9]. CyTOF has not been used in nephrolithiasis, which is
associated with extensive immune alterations. In this study,
we present a CyTOF-based atlas of the immune landscape
in nephrolithiasis models. Unsupervised analysis strategies,
such as SPADE and viSNE, are used to reveal the intrarenal
resident immune components and the immune alterations
caused by SIRT3 knockout and CaOx-induced renal injury.

2. Materials and Methods

2.1. Animal Models of Renal Injury. All animal experiments
were performed in accordance with the Guidelines for the
Care and Use of Laboratory Animals of the Laboratory Ani-
mal Ethics Committee of the Naval Medical University.
SIRT3 knockout C57BL/6 mice were purchased from Shang-
hai Model Organisms Center, Inc. (Shanghai, China) and
bred in an experimental animal room demonstrated to be
specific-pathogen-free (SPF). For nephrolithiasis model
establishment, mice received an intraperitoneal injection of
120mg/kg glyoxylic acid (TCI Shanghai) for seven consecu-
tive days, according to published protocols [10, 11]. Each
mouse received 200μl of glyoxylic acid solution, which was
made by dissolving 900μl of glyoxylic acid in 50ml of
0.9% saline. Mouse kidneys were harvested 24h after the last
injection.

2.2. CyTOF Analysis of Immune Cells. All the kidney samples
were processed in the same batch. CyTOF analysis was per-
formed by PLTTech, Inc. (Hangzhou, China) according to a

published protocol [12]. The kidney tissue was dissociated
into a single-cell suspension with a mixture of DNase I, col-
lagenase IV, and hyaluronidase (Sigma-Aldrich). Immune
cells were enriched using Percoll density gradient media
(Sigma-Aldrich), and erythrocytes were fully removed using
ACK Lysing Buffer (Sigma-Aldrich). Qualified samples were
blocked and stained with a mixed panel of surface antibod-
ies, followed by overnight fixation. After fixing with Fix &
Perm Buffer (Fluidigm), the cells were incubated in an intra-
cellular antibody mix. The signals of the stained cells were
detected using a CyTOF system (Fluidigm). The types of
immune cells were identified via nonlinear dimensionality
reduction (t-SNE), followed by density clustering.

2.3. Statistical Analysis. The Mann–Whitney U test was used
to compare the differences between the two test groups.
One-way ANOVA was used to determine the differences
among the three or four groups. Statistical significance was
set at P < 0:05.

3. Results

3.1. Immunophenotyping of Nephrolithiasis Models Using
Mass Cytometry. We performed a large-scale CyTOF analy-
sis of immune cell abundance profiles in nephrolithiasis.
Briefly, the immunophenotyping data were collected from
four different mouse models, including SIRT3 wild-type or
knockout, CaOx inducement, or noninducement (Supple-
mentary Figure 1A). There were 5, 4, 5, and 5 mouse,
respectively, in SIRT3WT/Ctrl, SIRT3WT/CaOx,
SIRT3KO/Ctrl, and SIRT3KO/CaOx groups. To confirm the
efficiency of SIRT3 knockout and CaOx inducement, we
performed von Kossa staining for calcium deposits and
immunohistochemical staining for SIRT3, cleaved caspase-
3, and BCL-2 in the kidney (Supplementary Figure 1B).
Von Kossa staining revealed that SIRT3 knockout increased
calcium deposits in the kidney, especially in the renal
cortex. Consistently, immunohistochemical staining
indicated that CaOx-induced renal injury was significantly
enhanced by SIRT3 knockout. These results confirmed that
high expression of SIRT3 was required to maintain renal
homoeostasis and protect against CaOx-induced cell death.
We stained cells with a 42-antibody panel to identify
different populations of naive, memory, effector, regulatory,
and exhausted T cells, B cells, NK cells, monocytes,
macrophages, DCs, and granulocytes (Figure 1(a)). A
summary of the 42-antibody cocktail and output data from
our mass cytometry experiments, including the total
number and viability of cells collected for each sample,
event counts detected by the instrument, and number of
lives for analysis, is provided in Supplementary Figure 1C
and 1D.

3.2. Overview Analysis of Immune Landscape in
Nephrolithiasis Models. To partition the cells into distinct
phenotypes, the PhenoGraph clustering algorithm was
applied to illustrate the phenotypic adjacency of cells in a
high-dimensional space. This analysis identified the main
immune cell types (Figures 1(b) and 1(c)). Macrophages, T
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cells, and DCs accounted for the majority of the immune cell
population in the nephrolithiasis models, respectively, with a
mean of 27:7 ± 6:7%, 21:8 ± 4:4%, and 13:7 ± 8:2%, respec-
tively. The mean frequencies of B cells, monocytes, and
NK cells were 12:8 ± 5:7%, 9:7 ± 2:9%, and 8:1 ± 5:5%,
respectively. Granulocytes constituted the minimum frac-
tion in most samples (4:8 ± 3:4%).

The CD19+ B cells were further classified into four sub-
phenotypes (C-16, C-17, C-33, and C-34). The C-16 cluster
was positive for MHC II, CD19, and CD38, while the C-17
cluster had the same expression pattern, except for the coex-
pression of Siglec-F. In addition, C-33 and C-34 cells also
expressed moderate levels of CD11b. Among the CD3- cells,
two subphenotypes (C-19 and C-32) were defined as NK
cells because of their positive NK1.1 status. The expression
of other markers varied between them, as the C-19 cluster
was positive for Ki67, CD11c, CD62L, and CD11b, while
the C-32 cluster was positive for Siglec-F and CD11b. DCs
characterized by CD11c+MHCII+ were identified into three
subphenotypes (C-20, C-22, and C-24). C-24 cells expressed
high levels of Ki67 and CD103, whereas C-20 and C-22 cells
were negative for these markers. For the Ly6G/C+ granulo-
cytes, three subphenotypes were defined as eosinophils (C-
36 and C-37) and neutrophils (C-38) according to the
expression status of Siglec-F. All three clusters were strongly
positive for CD11b expression. Ly6C+CD11b+ monocytes
also had four subphenotypes (C-11, C-14, C-15, and C-23).
The C-11 and C-23 clusters characteristically expressed

CD140a and CD11c, respectively. Clusters C-14 and C-15
had the same expression pattern, including Siglec-F, CD38,
and CD31, but with markers expressed at different levels.

3.3. In-Depth Analysis of the Dominant Immune Phenotypes.
As the subsets of T cells, macrophages, and DCs are the
dominant immune phenotypes, additional t-SNE and
PhenoGraph analyses were performed to exhaustively map
these cell phenotypes. These approaches identified the
expression profiles of T cells as indicated in the following:
10 CD4+ phenotypes, four CD8+ phenotypes, one CD4/CD8
double-positive phenotype, and five double-negative pheno-
type (Figure 2(a) and Supplementary Figure 2A). We
observed highly similar phenotypes among CD4+ and
CD8+ subsets, including cells expressing Ki67, Ly6C,
Siglec-F, and TCRβ. The subset of CD4+ helper T cells
further consisted of clusters such as Treg (T07), Th1 (T06),
Th2 (T05), and Th17 (T09). Five populations of CD3+
cells but CD4/CD8 double-negative cells were noted and
were predominantly defined by the presence of Siglec-F
and absence of TCRβ. However, some clusters also showed
different features, such as the positive expression of PD-1,
NK1.1, and TCRγδ, indicating exhaustion of T cells (T02),
NKT cells (T16), and γδT cells (T04).

The identification of 20 macrophage phenotypes indi-
cated that the macrophages had more subtle differences in
marker expression than T cells (Figure 2(b) and Supplemen-
tary Figure 2B). The PhenoGraph analysis confirmed a
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Figure 1: Characterization of immune cells in nephrolithiasis using mass cytometry. (a) Schematic showing how clusters are related to
parent populations. (b) t-SNE maps displaying 9935 cells from the nephrolithiasis models analyzed with 42-antibody panel and colored
by the main cell populations. (c) Heatmap showing normalized expression of the markers from 42-antibody panel for PhenoGraph
clusters. Clusters are grouped by expression profiles, and cell types are indicated by color. The cluster IDs and relative frequencies are
displayed as a bar graph on the left.
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Figure 2: Continued.
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characteristic panel of markers with varied expression levels,
including MHC II, SIRPα, CD11c, Siglec-F, F4/80, CD64,
and CD11b. However, some macrophages may form a
spectrum of phenotypically related cell subsets. For
instance, M01, M02, and M03 were the only macrophage
clusters with high levels of RORγt expression. Furthermore,
M18 and M19 expressed relatively low levels of MHC II
and CD11c compared to the other macrophage clusters. For
subsets of DCs, a highly similar phenotype of Siglec-F
expression was observed in addition to characteristic
markers such as MHC II and CD11c (Figure 2(c) and
Supplementary Figure 2C).

3.4. Correlation Analysis of Intrarenal Resident Immune
Components. To systematically quantify the relationships
between resident immune cell populations present in the
kidney, we calculated the frequencies for each immune cell
phenotype (Figure 3). Multiple robust relationships were
first identified and presented in SIRT3 wild-type and
CaOx-untreated models. Significant negative correlations
were found between certain clusters (C07-09, C15, C20,
C30-34, and C41) and the other clusters, indicating that they
might be exposed to a similar milieu and tend to follow sim-
ilar polarization schemes. In addition, the correlations
between certain clusters (C02, C05, C17, C22, and C29)
and the remaining clusters were reversed under CaOx
inducement. However, the same correlation change induced
by CaOx was not observed after SIRT3 knockout.

The influence of SIRT3 knockout and/or CaOx induce-
ment on the frequency correlation of each expressed marker
was also analyzed (Figure 4). Except for Siglec-F, CD11b,
CD4, and CD8a, the majority of the 42 markers were posi-
tively correlated with each other in SIRT3 wild-type and

CaOx-untreated renal samples. Under CaOx inducement,
the expression of CD4 and CD8a was positively correlated
with that of most markers. In contrast, the expression of
more markers such as CD31 and TCRβ showed negative
correlations with those of other markers after SIRT3 knock-
out combined with CaOx inducement.

3.5. Comparative Analysis of Immune Landscape between
Nephrolithiasis Models. First, we applied viSNE to the
immune landscape of four different groups, including SIRT3
wild-type or knockout, CaOx inducement, or noninduce-
ment (Figure 5(a)). The resulting t-SNE maps showed sev-
eral differences in densities of particular localized regions,
implying altered relative abundances of immune cell types
and their subsets. The SIRT3KO/CaOx and SIRT3WT/CaOx
groups exhibited global differences in the intrarenal immune
landscape, whereas only small differences were observed
between the SIRT3KO/CaOx and SIRT3KO/Ctrl groups. This
indicates that in the CaOx-induced nephrolithiasis model,
SIRT3 has a critical role in regulating the immune system,
especially in reducing inflammatory injury. When the fre-
quencies of immune lineages were further analyzed for each
individual sample (Figure 5(b)), the SIRT3KO/Ctrl group dis-
played the widest variability of immune cell population
among samples, followed by the SIRT3WT/Ctrl group. How-
ever, regardless of SIRT3 knockout, the CaOx-induced
nephrolithiasis models had a small heterogeneity of immune
cell types within its samples. This indicated that the influ-
ence of CaOx on the intrarenal immune components of each
individual was consistent.

As shown in Figure 5(c), among the major immune lin-
eages, the response of CD4+ T cells, NK cells, monocytes,
M1, neutrophils, and eosinophils to CaOx inducement was
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Figure 2: Identification of the dominant immune components in nephrolithiasis models. (a) Heatmap showing normalized expression of
the 42-antibody panel markers for the 20 T cell clusters identified with PhenoGraph. (b) Heatmap showing normalized expression of the
42-antibody panel markers for the 20 macrophage clusters identified with PhenoGraph. (c) Heatmap showing normalized expression of
the 42-antibody panel markers for the 10 DC clusters identified with PhenoGraph. Clusters are grouped by expression profile with the
relative frequencies that are displayed as a bar graph on the right.
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regulated by SIRT3 expression. Furthermore, B cells and
granulocytes with/without CaOx inducement were also
altered by the SIRT3 genetic status. However, the response
of B cells, DCs, and granulocytes to CaOx inducement was
not influenced by SIRT3 expression, as the degree of expres-
sion changes was identical in SIRT3WT and SIRT3KO

models. Interestingly, no significant changes in the cell
abundance profile of CD8+ T cells and macrophages were
detected after either CaOx inducement or SIRT3 knockout.
As shown in Figure 6(a), a significantly higher abundance
of both Th17 and Treg cells and a lower abundance of
NKT cells were found in the SIRT3KO/CaOx group. No
statistically significant difference was found in frequency
ratios of Th17 and Treg cells (1:43 ± 0:62 vs. 1:85 ± 0:18
vs. 1:43 ± 0:30 vs. 1:56 ± 0:46) among the four groups.
However, upregulated abundance of γδT cells was seen

in both SIRT3KO/CaOx and SIRT3WT/CaOx groups. To
further explore which subphenotypes were the dominantly
affected, the cell abundances of the clusters identified by
our markers were also analyzed (Figures 6(b)–6(d), Sup-
plementary Figure 3). Among the four subtypes of T
cells, three clusters (C09, C06, and C12) were found to
be significantly lower in abundance in SIRT3KO/CaOx
relative to the SIRT3WT/CaOx group, whereas the
remaining one (C08) was more abundant in the
SIRT3KO/CaOx group (Figure 6(b)). Regarding the many
subtypes of macrophages, there were three clusters (C25,
C41, and C43) that were found to have significantly
elevated abundance in SIRT3KO/CaOx relative to the
SIRT3WT/CaOx group, whereas two clusters (C18 and
C27), whose abundance changed in the opposite sense
(Figure 6(c)). In addition, the expression difference could

C01
C02
C03

C05
C06
C07
C08
C09
C10
C11
C12
C13
C14
C15
C16
C17
C18
C19
C20
C21
C22
C23
C24
C25
C26
C27
C28
C29
C30
C31
C32
C33
C34
C35
C36
C37
C38
C39
C40
C41
C42
C43

C04

C0
1

C0
2

C0
3

C0
5

C0
6

C0
7

C0
8

C0
9

C1
0

C1
1

C1
2

C1
3

C1
4

C1
5

C1
6

C1
7

C1
8

C1
9

C2
0

C2
1

C2
2

C2
3

C2
4

C2
5

C2
6

C2
7

C2
8

C2
9

C3
0

C3
1

C3
2

C3
3

C3
4

C3
5

C3
6

C3
7

C3
8

C3
9

C4
0

C4
1

C4
2

C4
3

C0
4

SIRT3WT/Ctrl

C0
1

C0
2

C0
3

C0
5

C0
6

C0
7

C0
8

C0
9

C1
0

C1
1

C1
2

C1
3

C1
4

C1
5

C1
6

C1
7

C1
8

C1
9

C2
0

C2
1

C2
2

C2
3

C2
4

C2
5

C2
6

C2
7

C2
8

C2
9

C3
0

C3
1

C3
2

C3
3

C3
4

C3
5

C3
6

C3
7

C3
8

C3
9

C4
0

C4
1

C4
2

C4
3

C0
4

C01
C02
C03

C05
C06
C07
C08
C09
C10
C11
C12
C13
C14
C15
C16
C17
C18
C19
C20
C21
C22
C23
C24
C25
C26
C27
C28
C29
C30
C31
C32
C33
C34
C35
C36
C37
C38
C39
C40
C41
C42
C43

C04

SIRT3WT/CaOx
C0

1
C0

2
C0

3

C0
5

C0
6

C0
7

C0
8

C0
9

C1
0

C1
1

C1
2

C1
3

C1
4

C1
5

C1
6

C1
7

C1
8

C1
9

C2
0

C2
1

C2
2

C2
3

C2
4

C2
5

C2
6

C2
7

C2
8

C2
9

C3
0

C3
1

C3
2

C3
3

C3
4

C3
5

C3
6

C3
7

C3
8

C3
9

C4
0

C4
1

C4
2

C4
3

C0
4

C01
C02
C03

C05
C06
C07
C08
C09
C10
C11
C12
C13
C14
C15
C16
C17
C18
C19
C20
C21
C22
C23
C24
C25
C26
C27
C28
C29
C30
C31
C32
C33
C34
C35
C36
C37
C38
C39
C40
C41
C42
C43

C04

SIRT3KO/Ctrl
C0

1
C0

2
C0

3

C0
5

C0
6

C0
7

C0
8

C0
9

C1
0

C1
1

C1
2

C1
3

C1
4

C1
5

C1
6

C1
7

C1
8

C1
9

C2
0

C2
1

C2
2

C2
3

C2
4

C2
5

C2
6

C2
7

C2
8

C2
9

C3
0

C3
1

C3
2

C3
3

C3
4

C3
5

C3
6

C3
7

C3
8

C3
9

C4
0

C4
1

C4
2

C4
3

C0
4

C01
C02
C03

C05
C06
C07
C08
C09
C10
C11
C12
C13
C14
C15
C16
C17
C18
C19
C20
C21
C22
C23
C24
C25
C26
C27
C28
C29
C30
C31
C32
C33
C34
C35
C36
C37
C38
C39
C40
C41
C42
C43

C04

SIRT3KO/CaOx

Pearson’s R
1.0

0.8

0.6

0.4

0.2

0.0

–0.2

–0.4

–0.6

–0.8

–1.0

Figure 3: Heatmaps showing Pearson coefficients of correlation for relationships between immune cell phenotypes in four different models
with SIRT3 wild-type or knockout and CaOx inducement or not.
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also be significantly detected in subphenotypes of immune
cells, including B cells (C34), DCs (C20, C24), and
granulocytes (C36, C38) (Figure 6(d)).

3.6. Expression Patterns of Immune Markers Associated with
Nephrolithiasis Risk. Using CytoClusterR, the heterogeneity
of the 42 detected marker signatures from four different
groups, including SIRT3 wild-type or knockout, CaOx induce-
ment, was clearly revealed on heatmaps (Figure 7(a)). Addi-
tionally, the normalized mean expression of the indicated
markers was compared between the two groups (Figure 7(b)).

The comparison between SIRT3WT/Ctrl and SIRT3-
KO/Ctrl models indicated that SIRT3 knockout alone with-

out CaOx inducement had little effect on the expression
levels of the markers from immune cells. In contrast, SIRT3
knockout upregulated Siglec-F and downregulated IL-17A,
RORγt, and PD-1 levels in the CaOx inducement groups.
Under the two situations with SIRT3 knockout or not, the
panel of markers influenced by CaOx inducement varied to
a great extent. In the SIRT3WT/CaOx group, the expression
of PD-1, IL-17A, RORγt, and CD103 was higher, while
expression of CD19, Siglec-F, and CD62L was lower than
that in the SIRT3WT/Ctrl group (Supplementary Figure 5).
However, in the SIRT3KO/CaOx group, the expression of
most markers such as Ly6G, CCR7, GATA3, and IFN-γ
was lower than those in the SIRT3KO/Ctrl group.
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Figure 4: Heatmaps showing Pearson coefficients of correlation for relationships between expressed markers in four different models with
SIRT3 wild-type or knockout and CaOx inducement or not.
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4. Discussion

As a cutting-edge, single-cell technology, CyTOF permits
high multiparametric measurement of up to 50 metal iso-
tope tags on a single cell simultaneously [13]. This innova-
tion has been applied to understand the heterogeneity and
complexity of cellular development [14], differentiation
[15], and tumor immunology [16]. Our study is the first to
identify distinct immune cell abundance profiles associated
with nephrolithiasis through CyTOF-based immunopheno-
typing. A better understanding of the mechanisms relating
the immune system and the underlying renal injury caused
by SIRT3 knockout and CaOx inducement could provide
novel insights leading to improved prediction and manage-
ment of nephrolithiasis.

Several recent studies have reported the response of the
immune system to CaOx crystals using cell culture and ani-
mal models. Dominguez et al. found that monocytes recog-
nize CaOx crystals through a lipopolysaccharide-mediated
mechanism, leading to their differentiation into inflamma-
tory M1 macrophages [17]. However, Okada et al. indicated
that monocyte-macrophage migration and phagocytosis
play roles in the prevention of CaOx crystal formation in
mouse kidneys [7]. In addition, two studies demonstrated
that both androgen receptor knockout and SIRT3 overex-
pression could increase renal anti-inflammatory macro-
phage differentiation and decrease CaOx deposition in
mouse models [5, 18]. Intrarenal macrophages participate
in both inflammatory and anti-inflammatory processes by
phagocytizing antigens in the microenvironment and under-
going phenotypic changes [19]. Overall, these results suggest

that the responses of the renal immune system to crystal for-
mation are diverse and dynamic; consequently, the precise
function of macrophages in kidney stone formation and
elimination could not be determined. Therefore, a better
understanding of which macrophages are proinflammatory
or anti-inflammatory and the potential interaction mecha-
nism between them will have more practical value.

In-depth immune profiling of this dominant immune
phenotype using extensive antibody panels revealed the
complexity of macrophage clusters and identified multiple
disease-specific subsets. In our study, three of the four mac-
rophage clusters positive for M1 markers CD86 (C27, C29,
and C39) were found to be elevated by CaOx inducement,
indicating that CaOx promoted M1 macrophage develop-
ment. Furthermore, the other three clusters (C25, C28, and
C41) were elevated by CaOx inducement only in SIRT3
knockout, suggesting that their inflammatory capabilities
were suppressed by SIRT3. One cluster (C30) was regarded
as a possible anti-inflammatory macrophage, because the
abundance was downregulated after CaOx inducement. A
genome-wide analysis of the CaOx nephrolithiasis model
demonstrated in genetic level that immune reactivity
through macrophage migration was involved in both calculi
formation and elimination in mouse kidneys [20]. Further
in vivo and in vitro studies have shown that M1 and anti-
inflammatory M2 macrophages have opposing roles in
nephrolithiasis [6]. In summary, these suggest the potential
of immune-based therapies for urinary calculi.

Our study indicated that MHC II, SIRPα, CD11c, Siglec-
F, F4/80, CD64, and CD11b were the characteristic panels of
markers for interstitial macrophages. Other studies have also
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Figure 5: Immune cell population changes after SIRT3 knockout and CaOx inducement. (a) t-SNE maps displaying 9935 cells analyzed with
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reported changes in the expression level and potential bio-
logical capabilities of these immune molecules. During CaOx
crystal formation, MHCII was immunohistochemically
upregulated around crystal formation sites along with an
increase in interstitial macrophages. Furthermore, the asso-
ciation analysis of the related gene expression by RT-PCR
indicated a high association of CCL2, CD44, CSF-1, SPP-1,
fibronectin 1, and TGF-β1 with the amount of both renal
crystals and F4/80, a mouse macrophage marker [7]. Inter-

estingly, the absolute number of renal interstitial macro-
phages did not increase constantly but fluctuated with the
glyoxylate-induced crystal deposition process.

In the innate immune response, helper T cells play a
prominent role by recognizing self-antigens, regulating cyto-
kine production, and inducing humoral immunity [21]. As
the two main subsets of helper T cells, Th1 and Th2 cells
are regarded as inflammatory and anti-inflammatory helper
T cells, respectively. Hsi et al. reported that Th1 cells drove
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the proinflammatory and Th2 anti-inflammatory responses
in atherosclerosis, which have similar calcification lesions
on vascular endothelial cells as urolithiasis [22]. In this
study, we discovered that cluster T06, belonging to Th1,
was more abundant in the CaOx inducement model than
in the control model, although the difference was not statis-
tically significant. RORγt+IL-17+ Th17 and FOXP3+CD25+

Treg cells are critical subsets of CD4+ T cells that are essen-
tial in immune homeostasis. The transcription factor FOXP3
is essential for Treg cell development and function (inhibi-
tion and suppression, self-tolerance), whereas transcription
factor RORγt is also essential for Th17 cells (induction and
propagation, tissue inflammation) [23]. The frequency inter-
vention of Th17/Treg cells may provide new insights into
the therapeutic targets of nephrolithiasis. In this study, we
demonstrated that cluster T09 belonged to Th17, while clus-
ter T07 belonged to Treg, and the ratio of T09/T07 was sig-
nificantly increased after CaOx inducement.

In normal mouse kidneys, CD4/CD8 double-negative T
cells were shown to comprise a higher percentage of the T
cell population than those in other organs such as the liver
and lungs [24]. Furthermore, CD4/CD8 double-negative T
cells were discovered to have a pathogenic role in early renal
injury after ischemia-reperfusion injury (IRI) [25]. γδT cells
are a minor subset of T cells and are often thought to form a
bridge between innate and adaptive immunity. Savransky
et al. suggested that deficiency of γδT cells protected the kid-
ney from IRI to a similar extent as deficiency of αβT cells
[26]. In our study, the intrarenal γδT cell population was
found to be increased in CaOx-induced nephrolithiasis com-
pared to controls. Targeting this subphenotype with addi-
tional markers will be of interest in future research. NKT
cells belong to a unique lymphocyte population expressing
both NK receptors and TCRs and exert regulatory functions

by secreting cytokines such as IL-4, IL-10, IFN-γ, and NK1.1
[25]. However, NKT cells play conflicting roles in the pro-
cess of renal injury. Li et al. showed that NKT cells contrib-
ute to the induction of early renal injury by mediating
neutrophil IFN-γ production [27]. Another report by Yang
et al. indicated that NKT cells, especially type II NKT cells,
attenuated the severity of renal injury [28].

In this study, we discovered that the expression of Siglec-
F and CD11b was negatively correlated with all the other
markers in intrarenal resident immune cell populations.
Siglec-F is conveniently used as a cell-specific marker of
eosinophils. A recent study by Tateyama et al. showed that
the expression of Siglec-F in bone marrow-derived macro-
phages could be stimulated by granulocyte-macrophage
colony-stimulating factor (GM-CSF) first and then down-
regulated upon prolonged GM-CSF stimulation. Further-
more, Siglec-F positively regulated the STAT6 signaling
pathway as well as the expression of arginase-1 in IL-4-
stimulated macrophages. These results suggested that
Siglec-F was induced by GM-CSF and fine-tuned macro-
phage responses [29]. Alexander et al. suggested that knock-
out of CD11b on mononuclear cells could recruit more M1
macrophages and CD4+ T cells in glomerulonephritis, indi-
cating that CD11b is instrumental in generating an anti-
inflammatory response in the inflamed kidney [30]. Kita-
gawa et al. suggested that urinary CD11b might be a useful
biomarker to estimate histopathological activity, particularly
glomerular leukocyte accumulation, in lupus nephritis [31].
In addition, while renal tissue is not amenable to regular sam-
pling, the peripheral immune system is easily accessible and
well-suited for routine measurement. Therefore, the future
of identifying high-risk populations with nephrolithiasis
and predicting the recurrence possibility seems to rely on a
panel of multiple urinary or peripheral immune markers.
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The compelling evidence from our study and others
demonstrates the role of the immune system in mediating
renal CaOx calculi formation and pathogenesis. Thus, mod-
ulating the immune response, such as promoting M2 over
M1 macrophages and inhibiting inflammation, might pro-
vide a means to prevent CaOx nucleation and renal injury.
Investigating the relationship between the immune system
and calculi disease may lead to a new era of nephrolithiasis
[32]. Future studies on calculi formation and immune biol-
ogy will identify immunotherapeutic targets for the treat-
ment and prevention of nephrolithiasis [33].

With five individual samples (four in the SIRT3WT/-
CaOx group) in each mouse model, our study was able to
identify a number of immune cell subsets demonstrating
altered abundance in CaOx inducement models relative to
controls and in SIRT3 knockout models compared to wild-
type models. However, the relatively small sample size could
not eliminate the average variations that could hide high
interindividual variations. Furthermore, the mechanism by
which these altered immune cell types and their subsets are
involved in the pathogenesis of SIRT3 knockout and
CaOx-induced renal injury remains unclear. Lastly, further
investigations are warranted to include a wider range of cell
type-specific markers and more clinical samples to verify the
novel biomarkers and immunotherapeutic targets for
nephrolithiasis.

5. Conclusions

In summary, our research is the first to present a CyTOF-
based atlas of the immune landscape in nephrolithiasis
models to better understand how the immune system con-
tributes to, and is affected by, the underlying renal injury
caused by SIRT3 knockout and CaOx inducement. The data
indicated that SIRT3 plays a critical role in regulating the
immune system, especially in reducing inflammatory injury,
in the CaOx-induced nephrolithiasis model. The character-
istic panel of changed immune clusters and markers will
provide novel insights leading to improved prediction and
management of nephrolithiasis.
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Renal ischemia-reperfusion (I/R) can induce oxidative stress and injury via the generation of reactive oxygen species (ROS). Renal
proximal tubular cells are susceptible to oxidative stress, and the dysregulation of renal proximal tubular cellular homeostasis can
damage cells via apoptotic pathways. A recent study showed that the generation of ROS can increase perilipin 2 (Plin2) expression
in HepG2 cells. Some evidence has also demonstrated the association between Plin2 expression and renal tumors. However, the
underlying mechanism of Plin2 in I/R-induced acute kidney injury (AKI) remains elusive. Here, using a mouse model of I/R-
induced AKI, we found that ROS generation was increased and the expression of Plin2 was significantly upregulated. An
in vitro study further revealed that the expression of Plin2, and the generation of ROS were significantly upregulated in
primary tubular cells treated with hydrogen peroxide. Accordingly, Plin2 knockdown decreased apoptosis in renal proximal
tubular epithelial cells treated with hydrogen peroxide, which depended on the activation of peroxisome proliferator-activated
receptor α (PPARα). Overall, the present study demonstrated that Plin2 is involved in AKI; knockdown of this marker might
limit apoptosis via the activation of PPARα. Consequently, the downregulation of Plin2 could be a novel therapeutic strategy
for AKI.

1. Introduction

Acute kidney injury (AKI) is a problem associated with
rapid renal dysfunction and high mortality [1], which is
often caused by renal ischemia-reperfusion (I/R) in clinics.
Renal I/R injury (IRI) is characterized by the restriction of
blood supply to the kidney followed by the restoration of
blood flow. Currently, there are few therapies for IRI. I/R
can induce oxidative stress and injure organs via the gener-
ation of reactive oxygen species (ROS). In IRI, the produc-
tion of ROS remains high for 24h after reperfusion [2]. It
was found that renal proximal tubular cells are susceptible

to this oxidative stress. The dysregulation of renal proximal
tubular cellular homeostasis can damage cells via apoptotic
pathways [3–5]. Therefore, managing ROS is an important
target for the prevention and treatment of AKI.

The main cellular lipid droplet proteins are members of
the perilipin family. There are five members of the perilipin
family (Plin1–5), and these proteins have an amphipathic
helical structure with large hydrophobic residues, which
can bind tightly to the lipid droplet surface [6]. Each perili-
pin isoform has a different role, but few have been studied in
the context of renal proximal tubular cells. Among them,
perilipin 2 (Plin2) was the first lipid droplet surface protein
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to be identified, and it has been considered the marker pro-
tein of lipid droplets. Plin2 interacts with many signaling
pathways. It also affects the homeostasis of intracellular lipid
metabolism and promotes the accumulation of intracellular
lipids by regulating the PPARα-RXRA and CREB-CREBBP
pathways. The transcriptional coactivator CREB binding
protein (CREBBP) is important for the function of CREB,
and the overexpression of Plin2 increases CREBBP expres-
sion, which promotes CREB transcriptional activity, conse-
quently enhancing CREB functions [7]. PPARα is a free
fatty acid receptor that plays an important role in maintain-
ing the homeostasis of lipid metabolism. Plin2 activation can
protect neutral lipids from hydrolysis by lipases, affecting the
expression and activation of PPARα [7, 8]. Plin2 also regu-
lates lipophagy in the heart [9]. Furthermore, elevated levels
of ROS increase Plin2 expression and promote lipid droplet
formation in HepG2 cells [7]. Some evidence has also dem-
onstrated an association between Plin2 expression and renal
tumors [10–12]. However, the role of Plin2 in IRI has not
been investigated to date.

In the present study, we found that the expression of
Plin2 was upregulated in the kidneys of mice after I/R treat-
ment. Furthermore, mitochondrial ROS generation and apo-
ptosis were associated with I/R. In vitro, hydrogen peroxide
treatment was found to increase the expression of Plin2 and
the generation of ROS in primary tubular cells. Moreover,
Plin2 knockdown decreased apoptosis after hydrogen perox-
ide treatment, which was dependent on the activation of
PPARα. Collectively, we suggest that a Plin2 inhibitor may
be a promising treatment for IRI, functioning through the
inhibition of oxidative stress.

2. Materials and Methods

2.1. AKI Animal Model Induced by I/R. The animal experi-
ments were approved by the Animal Care and Use of Com-
mittee of Zhongshan Hospital and performed in accordance
with the National Institutes of Health Guide for the Care
and Use of Laboratory Animals. Male C57BL/6 mice (8-10
weeks old) were obtained from the Animal Center of Jiesijie
company. The I/R procedure was performed with bilateral
renal pedicles clamped for 30min, and the animal body
temperature was maintained at 36-37°C. The sham group
underwent the same process except the pedicles were not
clamped [13].

2.2. Chemicals and Reagents. The anti-Plin2 antibody
(NB110-40877) anti-PPARα antibody (NBP2-76958) were
obtained from NOVUS. The anti-Bax (14796), anti-Bcl-2
(3498), anti-pro-Caspase-3 (9662), and anti-cleaved-Cas-
pase-3 (9664) antibodies were obtained from Cell Signaling
Technology. Plin2 overexpression adenoviruses (Ad-Plin2),
green fluorescent protein- (GFP-) expressing control adeno-
viruses (Ad-GFP), Plin2 knockdown adenoviruses, and
control adenoviruses were obtained from Heyuan Biotech-
nology. The terminal deoxynucleotidyl transferase dUTP
nick-end labeling (TUNEL) assay kit was purchased from
Beyotime Biotechnology.

2.3. Culture of Primary Mouse Proximal Tubular Cells. Male
C57BL/6 mice (6-8 weeks) were euthanized via intraperito-
neal injection of sodium pentobarbital. The kidneys were
dissected and transferred to Hank’s salt solution. The kidney
capsule was removed, and the renal cortex dissected and
transferred to Hank’s salt solution and minced. The minced
cortex tissue was then digested in enzyme solution (1ml
Hank’s salt solution with 0.75mg collagenase and 0.75mg
trypsin inhibitor) for 60min at 37°C. The cells were then
mechanically separated from the digested tissue by being
forced through a 40μm mesh. The cells were centrifuged at
50× g for 2min and washed with a culture medium. The cell
suspension was transferred to a Percoll density gradient and
centrifuged at 14,000 rpm for 1 h. The uppermost cells were
the proximal tubular cells. Finally, the cells were seeded into
six-well plates at a density of 5:0 × 105 cells per well. Cell via-
bility was determined using the trypan blue exclusion
method. Confocal immunofluorescence was performed to
detect primary mouse proximal tubular cells marker AQP1
(Supplemental Figure 1).

2.4. Serum Creatinine Quantification. Creatinine levels were
evaluated in 30μl of serum from each mouse using the
QuantiChromTM Creatinine Assay Kit (Bio Assay Systems,
Hayward, CA, USA) following themanufacturer’s instructions.

2.5. TUNEL Assay. Cell apoptosis was detected in paraffin-
embedded kidney tissue sections using the commercially
available TUNEL assays kit according to the manufacturer’s
instructions. Nuclei were stained with 4′,6-diamidino-2-
phenylindole (DAPI). The number of TUNEL-positive cells
in five random areas per slide was counted using an Olym-
pus FV1000 confocal microscope. Apoptotic cells were iden-
tified as green fluorescent cells.

2.6. Flow Cytometry. The ratio of apoptotic cells to total cells
was determined by flow cytometric analysis using an
Annexin V-FITC/7-AAD kit (KGA1023-1026, Kaiji Bio-
technology) according to the manufacturer’s instructions.

2.7. Western Blot Analysis. Protein was extracted from pri-
mary proximal tubular cells or kidneys using a lysis buffer
(RIPA P0013B, Beyotime Biotechnology) containing prote-
ase inhibitor phenylmethylsulfonyl fluoride (PMSF) and
PPI. Aliquots of the protein samples (30∼ 80μg) were mixed
with 5× loading buffer, separated on 10% (wt/vol)
SDS/PAGE gels, and transferred to nitrocellulose mem-
branes. Then, the membranes were blocked with 10%
(wt/vol) nonfat skim milk at room temperature for 1 h and
incubated with primary antibodies at 4°C overnight. The pri-
mary antibodies used were rabbit anti-Plin2 (1: 1000), rabbit
anti-Bax (1 : 1000), rabbit anti-Bcl-2 (1 : 1000), rabbit anti-
Caspase-3 (1 : 1000), rabbit anti-cleaved Caspase-3
(1 : 1000), rabbit anti-PPARα (1 : 1000), and mouse anti–β-
actin (1 : 1000). After three washes of 10min each with
Tris-buffered saline containing Tween 20 (TBS-T), the
membranes were incubated for 1 h at room temperature
with 1 : 10000 horseradish peroxidase- (HRP-) conjugated
secondary antibodies. Detection of the bound antibody was
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carried out using a chemiluminescence substrate. Protein
expression levels were quantified using ImageJ software.

2.8. Real-Time PCR. Total RNA was extracted from mouse
tissues or primary mouse proximal tubular epithelial cells
using TRIzol reagent (Sigma-Aldrich, T9424-200ml). The

RNA was reverse transcribed into complementary DNA
(cDNA) using a PrimeScript RT Reagent Kit (TaKaRa, Japan)
according to the manufacturer’s instructions. Real-time PCR
analysis was carried out using cDNA as template in the PCR
reactions with SYBR Premix Ex Taq (TaKaRa). The PCR
primer sequences are listed in Supplemental Table 1.
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Figure 1: I/R-induced Plin2 upregulation and AKI. Eight-week-old C57/BL6 mice were treated with I/R and euthanized after 0, 6, and 24 h.
(a) Serum creatinine (SCr) levels in the different groups of mice (n = 4-5). (b) Representative terminal deoxynucleotidyl transferase–
mediated dUTP nick end-labeling (TUNEL) staining of kidney sections 24 h after renal IR (n = 5). (c) Representative images of
dihydroethidium (DHE) staining of reactive oxygen species (ROS) generation of kidney sections 24 h after renal IR (n = 5). (d)
Costaining for Plin2 and lipid droplet in kidney sections 24 h after renal IR (n = 5). (e) Quantitative RT-PCR analysis of Plin2 mRNA
expression in the different groups of mice after renal IR (n = 5). (f) Western blot analysis of Plin2 expression in the different groups of
mice after renal IR (n = 3). ∗P < 0:05 vs. sham mice. Data are presented as mean ± SEM. h: hour; IR: ischemia reperfusion.

3Journal of Immunology Research



0.0

0.5

1.0

1.5

C
el

l v
ia

bi
lit

y 
(fo

ld
 o

f c
on

tro
l)

0 3 6 9 12Time (h)

⁎
⁎

⁎

(a)

12 h

0 100 200 300 500 1000H2O2 (𝜇M)

⁎⁎

⁎
⁎

⁎

0.0

0.5

1.0

1.5

C
el

l v
ia

bi
lit

y 
(fo

ld
 o

f c
on

tro
l)

(b)

H2O2 (𝜇M)

100 𝜇m

Mitosox/DAPI

0 50 100

200 300 400

(c)

0

1

2

3

Re
lat

iv
e P

lin
2 

m
RN

A
 le

ve
l

0 50 100 200 300 400H2O2 (𝜇M)

⁎
⁎

(d)

Plin2

𝛽-actin

0

1

2

3

Re
lat

iv
e P

lin
2 

pr
ot

ei
n 

le
ve

l

0 50 100 200 300 400H2O2 (𝜇M)

0 50 100 200 300 400H2O2 (𝜇M)

⁎

⁎⁎⁎⁎

(e)

𝛽-actin

Bax

Bcl-2

0.0

0.5

1.0

1.5

Bc
l-2

/B
ax

0 50 100 200 300 400H2O2 (𝜇M)

0 50 100 200 300 400H2O2 (𝜇M)

⁎⁎⁎
⁎⁎⁎

⁎⁎⁎

⁎

(f)

Figure 2: Continued.
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2.9. Cell Viability Assessment. Cell viability was determined
using cell counting kit-8 (CCK-8) assays. Briefly, mouse
tubular epithelial cells were grown to 70%-80% confluence
in 96-well plates and then subjected to various treatments
indicated. The CCK-8 regent was added to the medium
and incubated for 1-4 h in the dark. Absorbance was mea-
sured at 450nm using a microplate reader, and the cell via-
bility was calculated.

2.10. Immunofluorescence. Frozen kidney sections were fixed
with cold acetone for 10min. The sections were perme-
abilized with 0.2% Triton X-100 for 10min and then blocked
with 5% bovine serum albumin for 30min. The prepared
sections were incubated with primary antibody at 4°C over-
night. The sections were washed and then incubated with
secondary antibody (Dye Light488-conjugated, green) for
30min at room temperature. Nuclei were stained with
DAPI. Images were acquired using the Olympus FV1000
confocal microscope.

2.11. Mitochondrial ROS Assay. Primary proximal tubular
cell mitochondrial ROS was detected using MitoSOX Red
Mitochondrial Superoxide Indicator (Invitrogen) following
the manufacturer’s instructions. Renal tissue ROS was
detected in frozen sections using dihydroethidium (DHE)
staining following the manufacturer’s instruction. Nuclei
were stained with DAPI solution. Images were acquired with
confocal microscopy, and the fluorescent signal was quanti-
fied using ImageJ software.

2.12. Statistical Analysis. All data are expressed as mean ± S
:E:M: and analyzed using the Prism software package
(GraphPad Software). Unpaired two-sided Student’s t-tests
were used to differentiate the significance between two
groups. Intergroup differences were analyzed using analysis
of variance (ANOVA). A P value < 0.05 was considered sta-
tistically significant.

3. Results

3.1. Plin2 Is Upregulated in the Kidneys of Mice after I/R
Treatment. To investigate changes in the context of I/R-
induced AKI, mice treated with I/R were examined at differ-
ent timepoints posttreatment (0, 6, and 24h). Our results
showed that I/R robustly induced serum creatinine levels,
which were increased at 24h (Figure 1(a)). Consistently,
periodic acid–Schiff staining showed severe tubular and
interstitial damage at 24 h (Supplemental Figure 2a).
Furthermore, TUNEL staining demonstrated that the
number of apoptotic cells increased significantly at 24 h
after I/R (Figure 1(b)). In addition, mRNA expression of
the proinflammatory mediators IL-6 and TNFα increased
after I/R treatment (Supplemental Figure 2b and 2c).
Interestingly, the expression of IL-6 increased significantly
at 6 h, whereas the expression of TNFα increased
significantly at 24 h.

It has been indicated that the production of ROS
remains high for 24h after renal IRI [14]. Therefore, we used
DHE staining to assess the production of ROS after renal IRI
and found higher production (Figure 1(c)). It has been dem-
onstrated that the production of ROS increases Plin2 expres-
sion in HepG2 cells [7]. To assess Plin2 expression after
renal IRI, we analyzed tissue from I/R-induced AKI mice
sacrificed 0, 6, and 24 h after I/R injury. Costaining for lipid
droplet surface protein Plin2 and renal proximal tubular
marker LTL in the kidneys indicated that Plin2 is mainly
located in renal proximal tubulars (Supplemental
Figure 2d). Costaining for Plin2 and BODIPY in the
kidneys further demonstrated the levels of lipid droplet
surface protein Plin2 increased after I/R (Figure 1(d)). RT-
PCR showed the level of mRNA expression of Plin2 was
robustly increased at 24h, and western blotting
demonstrated the protein levels also increased at 24h
(Figures 1(e) and 1(f)). These results indicated that Plin2
was upregulated after I/R-induced AKI. We presumed that
the production of ROS and expression of Plin2 in kidney
injury were interrelated.
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Figure 2: Plin2 levels increase after hydrogen peroxide treatment in primary renal proximal tubular cells. Primary renal proximal tubular
cells were treated with hydrogen peroxide. (a, b) Cell viability measured using CCK-8 assays after hydrogen peroxide treatment (n = 10).
∗P < 0:05 vs. 0 h or 0μM hydrogen peroxide. (c) Images of mitochondrial reactive oxygen species (ROS) generation after hydrogen
peroxide treatment for 12 hours. (d) Quantitative RT-PCR analysis of Plin2 mRNA expression after hydrogen peroxide treatment for 12
hours (n = 4). ∗P < 0:05 vs. 0 μM hydrogen peroxide. (e–h) Western blot analysis of Plin2, BAX, Bcl-2, and cleaved caspase-3 expressions
after hydrogen peroxide treatment for 12 hours (n = 4). ∗P < 0:05 vs. 0 μM hydrogen peroxide; ∗∗P < 0:01 vs. 0 μM hydrogen peroxide;
and ∗∗∗P < 0:001 vs. 0μM hydrogen peroxide. Data are presented as mean ± SEM. H2O2: hydrogen peroxide.
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Figure 3: Continued.
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3.2. Hydrogen Peroxide Treatment Increases Plin2 Expression
in Primary Renal Proximal Tubular Cells. We first evaluate
the effect of hydrogen peroxide treatment on the viability
of primary renal proximal tubular cells. Our results showed
that cell viability significantly decreased in a dose-
dependent and time-dependent manner upon exposure to
hydrogen peroxide (Figures 2(a) and 2(b)), Supplemental
Figure 3a–3c). As expected, hydrogen peroxide treatment
significantly increased mitochondrial ROS generation in
primary renal proximal tubular cells (Figure 2(c)). Plin2
expression was increased in a dose-dependent manner
upon exposure to hydrogen peroxide treatment
(Figures 2(d) and 2(e)). Furthermore, hydrogen peroxide
treatment significantly increased apoptosis of primary renal
proximal tubular cells in a dose-dependent manner
(Figures 2(f)–2(h)).

3.3. Plin2 Knockdown Attenuates Apoptosis in Primary Renal
Proximal Tubular Cells. To further investigate the role of
Plin2 in apoptosis, its expression was knocked down in pri-
mary renal proximal tubular cells (Figure 3(a)). Plin2 knock-
down promoted cell viability and significantly decreased
mitochondrial ROS generation upon exposure to hydrogen
peroxide (Figures 3(b)–3(d)). In addition, this blocked the
hydrogen peroxide-induced apoptosis in renal proximal
tubular cells (Figures 3(e) and 3(f)). These results indicated
that the knockdown of Plin2 could inhibit mitochondrial
ROS generation and conferred protective effects against apo-
ptosis in primary renal proximal tubular cells.

3.4. Plin2 Impacts Apoptosis via the Regulation of PPARα.
PPARα is highly expressed in the proximal tubules and par-
ticipates in the occurrence and development of kidney dis-
eases [8–10]. It has been reported that PPARα promotes

the repair of kidney injury induced by I/R. We found that
PPARα expression decreased in a dose-dependent manner
in renal proximal tubular cells treated with hydrogen perox-
ide (Figures 4(a) and 4(b)). Plin2 downregulation was
accompanied by an increase in PPARα expression under
hydrogen peroxide treatment conditions (Figure 4(c)). Con-
sistently, CCK-8 assays confirmed that the inactivation of
PPARα reversed the effects of Plin2 on renal proximal
tubular cells (Figures 4(d) and 4(e)). Moreover, PPARα
activation reversed the apoptosis induced by Plin2 overex-
pression upon hydrogen peroxide treatment (Figures 4(f)–
4(h)). Taken together, our data indicated that Plin2
downregulation alleviates renal proximal tubular cell apo-
ptosis via the upregulation of PPARα.

4. Discussion

In the present study, we determined the relationship
between Plin2 and PPARα in the regulation of apoptosis in
a model of AKI induced by I/R (Figure 5). Renal IRI resulted
in the upregulation of Plin2, which inhibited PPARα expres-
sion and increased mitochondrial ROS production, leading
to cell apoptosis and AKI. Oxidative stress-induced injury
is an important part of renal IRI [15]. The knockdown of
Plin2 alleviated mitochondrial ROS-induced apoptosis in
primary proximal renal tubular epithelial cells, which was
mediated by the inhibition of PPARα expression. Therefore,
Plin2 knockdown may be targeted for the treatment of AKI
induced by I/R.

Our results indicated that Plin2 was upregulated by ROS
production in renal IRI. Perilipins are lipid droplet surface
proteins that include five family members (Plin1–5) with
different distributions and functions. Among them, Plin2
was the first identified and is highly expressed in adipose
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Figure 3: Knockdown of Plin2 attenuates apoptosis in primary renal proximal tubular cells. (a) Western blot analysis of Plin2 expression
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tissue and skeletal muscle of rodents and humans [16].
Plin2 is involved in the differentiation and lipolysis of adi-
pose tissue, but its role in skeletal muscle is not yet clear.
It plays an important role in the formation of lipid drop-
lets in HepG2 cells, and Plin2 knockdown significantly
reduces the size and number of lipid droplets [17]. How-
ever, its function and expression in the kidney was previ-
ously not well known. In the current study, we found that
Plin2 was expressed in the normal kidney, mainly in the
renal tubules. A previous study demonstrated that Plin2
is upregulated by ROS in HepG2 cells [7]. In the present

study, we found that Plin2 was upregulated by hydrogen
peroxide in primary proximal tubular epithelial cells, while
Plin2 knockdown could reduce the production of ROS in
tubular cells.

It is noteworthy that Plin2 is a lipid droplet surface pro-
tein and its protein structure and subcellular localization are
highly conserved among different species, which is essential
for the formation and morphological stability of lipid drop-
lets [18]. Whether ROS affects the formation of lipid drop-
lets in renal tubular cells was not explored in this study. A
recent study also indicated that ROS affects not only the
expression of Plin2 but also the formation of lipid droplets
in hepatocytes [7]. Further studies are needed to verify the
effect of ROS on Plin2 expression and the formation of lipid
droplets in renal tubular cells. Whether Plin2 affects the for-
mation of lipid droplets in the presence of ROS also needs to
be addressed.

It has been demonstrated that Plin2 affects the PPARα-
RXRA and CREB-CREBBP pathways [7]. PPARα is a
member of the nuclear receptor superfamily, which is
highly expressed in the heart, liver, kidney, muscle, and
other tissues with abundant mitochondria and fatty acid
betaoxidation [19, 20]. It plays an important role in main-
taining the homeostasis of lipid metabolism. In the kidney,
PPARα is highly expressed in the proximal tubules and the
ascending branch of the medullary loop, suggesting that it
might be involved in the occurrence and development of
a several kidney diseases, including cystic kidney disease 8
[21], alcoholic kidney injury [22], and diabetic kidney dis-
ease [23],. In addition, some evidence suggests that PPARα
promotes repair of the injured kidney induced by I/R [24,
25]. In our study, we found that the PPARα expression
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Figure 4: Plin2 impacts apoptosis via the regulation of PPARα. (a, b) Expression of PPARα after hydrogen peroxide treatment (n = 4).
∗P < 0:05 vs. 0μM hydrogen peroxide; ∗∗P < 0:01 vs. 0 μM hydrogen peroxide; and ∗∗∗P < 0:001 vs. 0μM hydrogen peroxide. (c)
Western blot analysis of PPARα in primary renal proximal tubular cells transfected with Plin2 knockdown plasmids after hydrogen
peroxide treatment (n = 4). ∗∗∗P < 0:001 vs. NC;###P < 0:001 vs. hydrogen peroxide. (d, e) Cell viability of Plin2 knockdown or
overexpression in primary renal proximal tubular cells after hydrogen peroxide treatment (n = 4). ∗P < 0:05 vs. DMSO NC. (f) Western
blot analysis of cleaved caspase-3 expression in primary renal proximal tubular cells transfected with Plin2 overexpression plasmid with
or without fenofibrate after hydrogen peroxide (300 μM) treatment (n = 4), ∗∗P < 0:01, ∗∗∗P < 0:001. (g, h) Cell apoptosis in hydrogen
peroxide (300 μM)-treated renal proximal tubular cells transfected with Plin2 knockdown plasmid or control plasmid with or without
fenofibrate. Annexin V-positive cells were considered apoptotic cells (n = 3), ∗P < 0:05, ∗∗P < 0:01. Data represent mean ± SEM. H2O2:
hydrogen peroxide; NC: negative control; OE: overexpression.
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patterns were opposite to those of Plin2 upon I/R or in pri-
mary proximal tubular epithelial cells treated with hydro-
gen peroxide. Plin2 thus has the potential to negatively
regulate the expression of PPARα, thereby regulating the
production of ROS induced by I/R or hydrogen peroxide
and affecting the apoptosis of renal tubular cells. In our
study, we used the PPARα agonist pioglitazone to pretreat
primary renal tubular epithelial cells with Plin2 overexpres-
sion before hydrogen peroxide treatment. Pretreatment
with pioglitazone abolished the apoptosis induced by Plin2
overexpression.

In addition, under hydrogen peroxide treatment condi-
tions, pretreatment with the PPARα agonist fenofibrate alle-
viated the decrease in cell viability induced by Plin2
overexpression, whereas the PPARα inhibitor GW6471
inhibited the increase in cell viability induced by Plin2
knockdown. Collectively, our results provide insights sug-
gesting that Plin2 increases apoptosis of renal tubular epi-
thelial cells by inhibiting PPARα expression and ROS
produced upon renal I/R or hydrogen peroxide exposure.

Evidence indicates that Plin2 is an important player in
renal tumors [10–12, 26]. Based on our experiments, we
speculate that the expression of Plin2 is upregulated,
whereas the expression of PPARα is downregulated, in
patients with AKI. Whether Plin2 participates in the devel-
opment of AKI requires further investigation in the future.

In general, we illustrated that ROS production and the
expression of Plin2 were significantly upregulated after renal
I/R. The expression of Plin2 was also significantly increased
after hydrogen peroxide treatment in vitro. The overexpres-
sion of Plin2 markedly increased apoptosis of proximal
tubular epithelial cells after hydrogen peroxide treatment
by inhibiting the expression of PPARα. These results indi-
cate, for the first time, that the targeted inhibition of Plin2
has a protective effect on ROS, which implies this is a poten-
tial target for the treatment of AKI.
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Uterine sensitization-associated gene-1 (USAG-1), originally identified as a secretory protein preferentially expressed in the
sensitized rat endometrium, has been determined to modulate bone morphogenetic protein (BMP) and Wnt expression to play
important roles in kidney disease. USAG-1 affects the progression of acute and chronic kidney damage and the recovery of
allograft kidney function by regulating the BMP and Wnt signaling pathways. Moreover, USAG-1 has been found to be involved
in the process of T cell immune response, and its ability to inhibit germinal center activity and reduce humoral immunity is of
great significance for the treatment of autoimmune nephropathy and antibody-mediated rejection (AMR) after renal
transplantation. This article summarizes the many advances made regarding the roles of USAG-1 in the progression of kidney
disease and outlines potential treatments.

1. Introduction

Acute kidney injury (AKI) is a clinical syndrome involving
acute renal dysfunction caused by ischemia-reperfusion,
drug toxicity, and sepsis [1]. If AKI is not treated in a timely
manner, it may further develop into chronic kidney disease
(CKD) or even end-stage renal disease (ESRD), during which
renal tubular epithelial cells (TECs) and the endothelium are
damaged more severely, leading to renal tubular damage with
severe interstitial fibrosis [2]. Unfortunately, there is cur-
rently no effective treatment for reversing ESRD [3]. Kidney
transplantation has gradually become the best treatment
option for patients with ESRD. However, the survival of the
transplanted kidney is restricted by antibody-mediated rejec-
tion (AMR) after kidney transplantation. Tubule atrophy and
interstitial fibrosis are also risk factors for progressive graft
dysfunction [4]. Uterine sensitization-associated gene-1
(USAG-1) is a newly discovered important cell signaling reg-
ulator that has been reported to play a key role in kidney
injury, tooth development, hair growth, limb morphology,
and trigeminal ganglion formation [5–8]. USAG-1, as a reg-
ulator of the bone morphogenetic protein (BMP) and Wnt
signaling pathways, is abundantly expressed in the kidney

and expected to repair renal tubular damage and reverse
the process of interstitial fibrosis [5, 9, 10]. Furthermore,
recent studies have shown that USAG-1 participates in the
germinal center (GC) reaction and inhibits humoral immu-
nity. These findings may provide new directions for the
future development of treatments for AMR after kidney
transplantation, as well as vaccines and therapies for autoim-
mune kidney diseases [11].

2. USAG-1 in Kidney Disease

2.1. Discovery and Identification of USAG-1. USAG-1 (also
known as WISE, sostdc1, and ectodin) is a secreted protein
with a molecular weight of 28-30 kDa that contains a C-
terminal cysteine knot-like domain. Laurikkala and colleagues
first discovered this gene, which they named ectodin, while
studying enamel junctions [12]. Simmons and Kennedy iden-
tified USAG-1 as a novel gene expressed in the endometrium
of rats during maximum sensitization/uterine receptivity [13].
In addition, USAG-1 has been reported to be downregulated
in renal tumors as a tumor suppressor gene, while it is highly
expressed in normal kidneys [14]. Some studies have shown
that USAG-1 is abundant in renal tubules and teeth at the later
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stage of embryonic development. In adult tissues, USAG-1 is
most highly expressed in the kidney and is mainly concen-
trated in distal collecting duct epithelial cells, while its expres-
sion is relatively low in other tissues and organs (Figure 1)
[15–17]. Yanagita et al. found that USAG-1 is a novel BMP
antagonist that is highly expressed in the kidney and acts syn-
ergistically with BMP7 in developing and adult kidneys [18].
In addition, USAG-1 has been reported to act as a Wnt regu-
lator, modulating the balance of Wnt signaling through Wnt
coreceptor complex integration inputs [19].

2.2. USAG-1: A Novel BMP7 Antagonist Expressed in the
Kidney, Accelerates Tubular Injury. BMP is a developmen-
tally conserved signaling molecule that has been proven to
belong to the transforming growth factor-β-1 (TGF-β)
superfamily [1]. It was originally named for its ability to
induce the formation of bone, cartilage, and multiple ectopic
bones. It was found to play an important regulatory role in
proliferation, differentiation, apoptosis, embryonic develop-
ment, and organ formation in most cells [20]. Bone morpho-
genetic protein 7 (BMP7) is a 35 kDa homodimeric protein,
also known as osteogenic protein-1 (OP-1) [21, 22]. Dudley
et al. found that kidney development is severely delayed in
BMP7-deficient mice and that these mice generally die within
a short period of time after birth [23]. Subsequently, in sev-
eral other animal models, such as models of acute ischemic
injury, diabetic nephropathy, and chronic kidney injury,
BMP7 expression was shown to be downregulated and then
to gradually increase with further development of disease
[24–26]. Thus, BMP7 may play an indispensable role in the
normal development of the kidney. Multiple reports have
demonstrated that BMP7 alleviates acute and chronic kidney
injury, including by reducing apoptosis and necrosis of renal
TECs, inhibiting the expression of inflammatory cytokines,
reducing inflammatory cell infiltration, and reversing the
progression of renal fibrosis [1, 24, 27]. Unfortunately, due
to the widespread distribution of BMP receptors, exogenous
administration of BMP may cause additional damage in
other tissues. However, the activity of BMP has been found
to be regulated by BMP antagonists, which have targeted
effects by directly binding to BMP and inhibiting its binding
to the corresponding receptor. Thus, USAG-1 may be a new
target for the treatment of kidney disease [28].

Yanagita et al. compared the expression of USAG-1 and
other BMP antagonists in the adult kidney by modified
real-time PCR and in situ hybridization and found that
USAG-1 is the most abundant BMP antagonist in the adult
kidney [29]. Recombinant USAG-1 protein can directly bind
to BMP and inhibit BMP-mediated alkaline phosphatase
(ALP) activity in C2C12 and MC3T3-E1 cells in a dose-
dependent manner [28]. USAG-1 knockout mouse models
of AKI caused by cisplatin and chronic kidney injury caused
by unilateral ureteral obstruction (UUO) were found to have
significantly longer survival times and more complete renal
function preservation than wild-type mouse models of these
conditions. Moreover, the application of an anti-BMP7 neu-
tralizing antibody can eliminate the renal protective effect of
USAG-1 deficiency, suggesting that USAG-1 can block the
repair of renal injury by antagonizing BMP7 [29]. Subse-

quent reports have proven that USAG-1 always colocalizes
with BMP7 in the developing glomerulus and that its expres-
sion decreases during renal tubular injury and increases dur-
ing renal tubular regeneration [5]. In addition to being a
possible therapeutic target for kidney disease, USAG-1 may
also be used as a biomarker of renal prognosis—the expres-
sion of USAG-1 in a renal biopsy specimen from a mouse
model of CKD is related to the prognosis of renal function
[5, 28]. Tanaka et al. found that USAG-1 may enhance the
expression of MMP-12 in the glomerulus by inhibiting the
inhibitory effect of BMP7 and aggravate the progression of
glomerular disease in Alport syndrome, while the genetic
ablation effect of USAG-1 greatly reduces disease progression
in Col4a3–/–mice (a model of human Alport syndrome) and
preserves kidney function [30]. Xia et al. found that febuxo-
stat alleviates renal dysfunction and tubulointerstitial fibrosis
in rats with UUO by inhibiting USAG-1 expression and acti-
vating the BMP7-SMAD1/5/8 pathway [31, 32]. In subse-
quent studies, it was demonstrated that USAG-1 expression is
downregulated in vitro in a Madin-Darby canine kidney
(MDCK) cell model, which helped reverse TGF-β1-induced
epithelial-mesenchymal transformation (EMT) [9]. Smad1/5/8
is a key intracellular protein for transducing BMP7 signals, and
phosphorylation of Smad1/5/8 is also the central downstream
event in the BMP signal transduction pathway [5, 9, 33]. As a
specific antagonist of BMP7, USAG-1 is also an antagonist of
TGF-β family ligands, which are involved in promoting EMT
by at least partially inhibiting the activity of the Smad1/5/8 sig-
naling pathway (Figure 1) [9, 34]. This finding is consistent
with the working model proposed by Yanagita et al., in which
USAG-1 and BMP7 play a role in EMT [29]. Interestingly,
similar to the perspective above, the loss of USAG-1 promotes
the expansion and differentiation ofmesenchymal cells (MSCs)
during fracture repair, thereby accelerating the healing of
fractures [35].

2.3. USAG-1: Activator and Inhibitor of Wnt Signaling. The
Wnt signaling pathway is a developmental signaling pathway
that can promote embryonic development of the kidney,
repair kidney damage, and regulate the formation of various
structures in the kidney [36–38]. USAG-1 has been reported
to activate and inhibit Wnt signaling in a context-dependent
manner. USAG-1 not only interacts with the Wnt coreceptor
lipoprotein receptor-related protein 6 (LRP6) but also
competes with Wnt8 by binding with LRP6 [19]. According
to Qian et al., USAG-1 inhibits endogenous Wnt-induced
β-catenin-dependent transcriptional activity in a dose-
dependent fashion and directly affects the expression of
E-cadherin and α-smooth muscle actin (α-SMA) in renal
epithelial cells and mesenchymal fibroblasts [39]. USAG-1
can enhance Wnt3A signal transduction and inhibit Wnt1
and Wnt10b to a certain extent in in vitro cell experiments,
which is consistent with previously published data showing
that USAG-1 activity depends on the type of Wnt [6, 19, 39].

Chronic allograft injury (CAD) is a disease characterized
by renal tubule atrophy, interstitial fibrosis, and glomerular
lesions, and it seriously affects the survival of renal transplant
recipients [40]. Wnt signaling is known to regulate various
morphogenetic pathways, such as cell migration, cell
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proliferation, and cell fate determination, and the dysregula-
tion of these pathways is closely related to the occurrence of
CAD. Therefore, increasing normal Wnt signaling and min-
imizing abnormal Wnt signaling may be potential strategies
for therapeutic interventions in CAD and other progressive
kidney diseases [41–43]. Seifert et al. found that the Wnt sig-
naling pathway was associated with microvascular injury and
renal allograft failure in a residual clinical biopsy conducted
10 years ago, and further mechanistic studies may identify
the Wnt signaling pathway as a new target for the diagnosis
and treatment of CAD [44]. In a rat kidney transplantation
model, allogeneic transplanted kidneys were found to have
Wnt signaling components, and the administration of an
anti-USAG-1 antibody can significantly improve the recipi-
ent’s transplanted kidney function. This may be related to
the increase in total β-catenin expression induced by the
anti-USAG-1 antibody. In addition, long-term prophylactic
treatment with a rat anti-USAG-1 antibody can reduce
CD68+ macrophage and CD8+ T cell infiltration, alleviate
renal tubular damage and interstitial fibrosis, and reduce
the degradation of graft structure [39]. Briefly, USAG-1
expressed in the kidney can cause renal allograft dysfunction
by promoting renal tubular atrophy and interstitial fibrosis.
Anti-USAG-1 antibodies have certain clinical significance
for the treatment of CAD. However, the specific mechanism
is still unclear, although we speculate that it may be related to
regulation of the Wnt signaling pathway by USAG-1
(Figure 1) [39, 44].

2.4. USAG-1 and T Cell Immune Response. Loss of immune
tolerance to autoantigen typifies most autoimmune kidney
diseases, and the production of autoantibodies and infiltra-
tion of peripheral immune cells are typical pathological fea-
tures of these autoimmune nephropathies. As crucial
drivers of autoimmunity and associated organ injury, T cells
play a central role in the regulation of immune responses. An
enhanced understanding of the biochemistry and molecular
biology of T cells in patients with autoimmune kidney disease
will provide a unique opportunity for the identification of
therapeutic targets for autoimmune kidney disease. Interest-
ingly, USAG-1 has been found to be closely associated with
the T cell immune response in recent studies.

In addition to its being involved in the progression of
acute chronic kidney injury, USAG-1 is also associated with
the development of several diseases, such as colorectal can-
cer, non-small-cell lung cancer, thyroid cancer, breast cancer,
and gastric cancer [45–49]. In view of the important influ-

ence of USAG-1 on organ development and tumor forma-
tion, some researchers have speculated that USAG-1 may
be involved in the T cell immune response. T follicle helper
(TFH) cells are CD4+ T cells that are well known for their
ability to assist in the production of B cell antibodies in the
GC of lymphatic organs and enhance the B cell memory
response [50]. USAG-1 has been reported to be expressed
in both TFH cells and reticular fibroblast subsets [51]. The
expression of USAG-1 in TFH cells is upregulated 7 days
after immunization with sheep red blood cells (SRBCs)
[52]. It was demonstrated in a mouse model of acute lympho-
cytic choroidal meningitis virus (LCMV) infection that
USAG-1 is selectively expressed in TFH cells, but the authors
found that the presence of USAG-1 is not essential for the
differentiation or effector function of TFH cells during acute
viral infection [15]. A recent report identified a distinct
subpopulation of TFH cells characterized by USAG-1 expres-
sion. USAG-1-producing TFH cells can promote the differ-
entiation and maturation of T follicular regulatory (TFR)
cells [11]. In contrast to TFH cells, which trigger the GC
response, TFR cells, which are newly discovered regulatory
T cells (Tregs) that express Foxp3, can inhibit the GC
response and humoral immunity [53]. Therefore, unlike
USAG-1- TFH cells, USAG-1+ TFH cells cannot help B cells
produce antibodies. This is mainly because USAG-1 inhibits
the transcriptome controlled by β-catenin, thereby prevent-
ing the differentiation and maturation of TFR cells [11]. In
addition, the Wnt-β-catenin signaling pathway has been
shown to be involved in the occurrence and development of
a variety of autoimmune kidney diseases [54, 55]. Blocking
Wnt stimulation with exogenous USAG-1 to promote com-
mitment to the fate of TFR cells may be a new therapeutic
direction for autoimmune kidney diseases.

AMR after kidney transplantation has become a major
obstacle affecting the long-term survival of transplanted kid-
neys [56, 57]. When AMR occurs, B cells and TFH cells in
lymphoid tissues are activated by the alloantigen. The persis-
tent immunological damage caused by the production of
donor-specific antibodies (DSAs) by GC B cells through
mediating the secretion of IL-21 is the main cause of renal
graft function deterioration and even renal graft loss [58–
61]. Tregs are potent inhibitors of immune function, playing
a unique role in alleviating long-term inflammation and
maintaining immunological self-tolerance [62]. Classical
Wnt signaling can inhibit the function of Treg cells [63],
while USAG-1 can inhibit the canonical Wnt-β-catenin
pathway [6, 19]. In consideration of the above findings and
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Figure 1: Theoretical effects of USAG-1 in renal diseases. The secretion of USAG-1 in the distal tubule increases when the kidney is damaged
by ischemia reperfusion, drug toxicity, sepsis, or other factors. It aggravates tubule damage, inflammatory cell infiltration, and interstitial
fibrosis by affecting the activity of the BMP7/TGF-β and Wnt/β-catenin signaling pathways.
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the inhibitory effect of USAG-1+ THF cells on the GC reac-
tion and humoral immunity, we speculate that further mech-
anistic studies will identify potential approaches for the
prevention and treatment of AMR in renal transplantation.

Furthermore, NK cells, as innate lymphocytes, play an
important role in eliminating viral infections and cancer
cells. Millan et al. found that USAG-1 expressed by T cells
and stromal cells can affect NK cell maturation and cytotox-
icity by regulating Wnt signaling in NK cells [16].

3. Summary

As a modulator of the BMP and Wnt signaling pathways,
USAG-1 is involved in the development and progression of
kidney disease. We summarized the theoretical effects of
USAG-1 in renal disease (Figure 1). BMP7 plays a vital role
in the development and regeneration of the kidney [64].
USAG-1 can inhibit the interaction of BMP and its receptor
by directly binding BMP ligands, thereby limiting the activity
of BMP [18]. USAG-1 is a kidney-specific gene. Compared
with exogenous administration of BMP7, which may cause
extrarenal side effects, therapeutic option targeting USAG-1
enables more specific targeting and minimize adverse effects
[65]. Wnt signaling is closely related to the occurrence and
development of natural and transplanted CKD [44]. Wnt
signaling also plays an important role in regulating microan-
giogenesis and damage repair and reducing immune cell
infiltration [66–68]. More significantly, as the role of
USAG-1 in the T cell immune response has been gradually
confirmed, targeted regulation of the USAG-1-Wnt signaling
pathway may be a potential approach for treating autoim-
mune kidney disease and preventing the occurrence of
AMR. Of course, the existing small animal models and cell
experiments are far from sufficient, and more evidence and
further mechanistic exploration are needed to provide a the-
oretical basis for the use of treatments targeting this protein.
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Membranous nephropathy (MN) is an organ-restricted autoimmune disease mainly caused by circulating autoantibodies against
podocyte antigens, including the M-type phospholipase A2 receptor (PLA2R) and thrombospondin domain-containing 7A
(THSD7A). Antibodies against PLA2R are present in 70%–80% and against THSD7A in 2% of adult patients, which
provides a paradigm shift in molecular diagnosis and management monitoring. Both antigens share some similar
characteristics: they are expressed by podocytes and have wide tissue distributions; they are bound by autoantibodies only
under nonreducing conditions, and the subtype of most autoantibodies is IgG4. However, the factors triggering
autoantibody production as well as the association among air pollution, malignancy, and the pathogenesis of MN remain
unclear. In this review, we discuss the similarity between the pathological mechanisms triggered by disparate antigens and
their associated diseases. Furthermore, we demonstrated the possibility that PM2.5, malignancy, and gene expression
specifically induce exposure of these antigens through conformational changes, molecular mimicry, or increased expression
eliciting autoimmune responses. Thus, this review provides novel insights into the pathological mechanism of MN.

1. Introduction

Membranous nephropathy (MN) is a common autoimmune
glomerular lesion, accounting for approximately 20%–30%
of nephrotic syndrome cases in adults, with poor kidney
prognosis [1, 2]. MN is caused by the deposition of immune
complexes on the outer aspect of the glomerular basement
membrane (GBM), which results in the thickening of the
glomerular capillary wall, with expansion of the matrix
material leading to the formation of spikes. The discovery
of the M-type phospholipase A2 receptor (PLA2R) in 2009
[3] and thrombospondin domain-containing 7A (THSD7A)
in 2014 [4] as two major autoantigens in idiopathic MN
(iMN) has considerably advanced the understanding of the

molecular pathogenesis. These major breakthroughs have
been quickly translated to clinical diagnosis and treatment
monitoring, with anti-PLA2R [5] and anti-THSD7A anti-
bodies being detected in 70%–80%and only 2% [4] of adult
patients with iMN, respectively. Anti-PLA2R and anti-
THSD7A antibody titers are key biomarkers that reflect
disease activity [6], predict prognosis [7–10], and indicate
treatment efficacy [11–13].

In recent years, more research has focused on the role of
the lung as a potential contributor to autoimmune diseases
[14]. The interesting phenomenon that long-term exposure
to PM2.5 is closely related to the gradual increase in the mor-
bidity of MN should be considered [15]. Furthermore,
approximately 20% of patients with THSD7A-associated
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MN are diagnosed with malignancy within a median time of
3 months since the diagnosis of MN, indicating that
THSD7A-associated MN is related to an increased risk of
malignancy. However, many aspects related to the initiation
of autoantibody production and the association among air
pollution, malignancy, and the pathogenesis of MN remain
unclear. In this review, we highlight the similar characteris-
tics between the two autoantigens and their associated dis-
eases, discuss the possible mechanisms of initiation of
antibody formation, and offer a novel view of the pathobiol-
ogy of MN.

2. A Model Marker of iMN: PLA2R

2.1. The M-Type PLA2R. The landmark discovery of the
PLA2R antigen revolutionized our understanding of MN,
and research on its structural characteristics paved the way
for revealing the molecular pathogenetic mechanisms of
MN. In 2009, Beck et al. [3] identified a 185 kD protein in
glomerular extracts in approximately 70% of samples from
patients with iMN in nonreducing conditions. This protein
was identified as PLA2R, a transmembrane glycoprotein that
is largely confined to glomerular podocytes rather than other
human glomerular cell types in the human kidneys. In addi-
tion, the endogenous glomerular expression of PLA2R is not
detected in rodent or rabbit glomerular extracts. In the pres-
ence of reducing agents, reactivity is lost, suggesting that the
antigenic epitope in PLA2R is a conformation and requires
specific disulfide bonds. PLA2R is a type I transmembrane
receptor and one of the four members of the mannose recep-
tor family in mammals [16, 17]. Similar to the characteristics
of the other members of this family, the extracellular portion
of PLA2R contains an N-terminal cysteine-rich (CysR or
ricin B) domain, a single fibronectin type 2 (FnII) domain,
and eight C-type lectin-like domains (CTLDs). In addition,
the short cytoplasmic domain of PLA2R contains motifs that
allow constitutive endocytic recycling through clathrin-
coated pits [18]. PLA2R undergoes endocytic recycling,
which may provide a constant supply of accessible PLA2R
for the formation of immune complexes at the podocyte
membrane. Dong et al. [19] have made great progress in
the determination of the structure of human M-type PLA2R
by low-temperature electron microscopy. The ectodomain
has high internal flexibility and adopts a compact dual-
ring-shaped conformation at an acidic pH and an extended
conformation at a basic pH. Owing to the expansion of the
PLA2R structure at a basic pH, several major epitopes located
in the CysR, CTLD1, and CTLD7 domains may be more
accessible for the production of different antibodies [20–
22]. However, whether this pH-dependent conformation is
related to disease severity remains unknown. In a recent
study, a transgenic mouse line expressing mouse PLA2R1in
podocytes was developed, which may open new avenues to
address this problem [23].

2.2. PLA2R Epitopes and Spreading. Over the last decade, the
measurement of the levels of circulating PLA2R antibodies
has been broadly implemented in clinical practice worldwide
for the diagnosis and monitoring of patients with iMN. In

addition to the total levels of circulating autoantibodies, a
clear picture of major PLA2R epitopes is a prerequisite
for understanding the pathogenic mechanism of anti-
PLA2R autoantibody binding-induced iMN. Interestingly,
two research groups identified B cell epitope-containing
domains in the N-terminus of PLA2R with different con-
clusions because of the stability or folding of the truncated
domains of PLA2R in their experimental protocols. Kao
et al. [22] showed that the smallest immunodominant epi-
tope in PLA2R containing CysR–FnII–CTLD1. Fresquet
et al. [21] narrowed the region to CysR, where the 31mer
peptide blocked most of the autoantibody binding, possibly
localizing the humoral epitope to this region. A subsequent
study indicated that in addition to CysR, reactive epitopes
were present in the CTLD1 and CTLD7 domains. CysR
appeared as an immunodominant epitope and was recog-
nized in all patients with circulating anti-PLA2R antibodies
(Figure 1) [20].

With further research on autoimmune diseases, PLA2R
epitope spreading has been recently identified as a prognostic
biomarker to predict outcomes in MN. Epitope spreading, a
phenomenon of diversity of epitopes recognized by T and B
cells, begins with the outermost epitope of the target antigen
(CysR for PLA2R), and then, other dominant immune epi-
topes (CTLD1 and/or CTLD7 for PLA2R) within the mole-
cule or on neighboring molecules are exposed as the disease
progresses, contributing to the expansion of the immune
response [24]. As a result, the diversity of antibody repertoire
is increased and the overall immune response is enhanced.
Experimental evidence indicating that intramolecular epi-
tope spreading might affect the severity of MN in humans
has been previously established in Heymann nephritis [25].
Few weeks after the primary immune response, the serum
of rats showed reactivity with ligand-binding domain frag-
ments, indicating B cell epitope spreading; furthermore, pro-
teinuria occurred as the epitope spread to further regions in
the molecule. In a study, 69 patients with MN whose autoan-
tibody repertoire was confined only to anti-CysR were youn-
ger and generally had mild disease activity [20], whereas
those with antibodies against all three epitopes tended to be
resistant to therapy and had poor renal prognosis. These
observations showed that the immune response to PLA2R
is an ordered process with prognostic relevance. Of note,
the author hypothesized that a second immune hit induces
intramolecular epitope spreading. In general, epitope spread-
ing produces a more robust immune response and is more
resistant to immunosuppressive treatment [26]. In a prospec-
tive cohort of 55 patients treated with rituximab [27], it was
necessary to administer higher doses of rituximab to patients
with epitope spreading to eliminate the autoantibodies and
induce remission. Interestingly, spreaders tended to have
higher anti-PLA2R autoantibody titers [28]. Therefore, until
clinical testing of anti-PLA2R epitope spreading is routinely
available, it seems appropriate that the total titer of anti-
PLA2R autoantibodies serves as a surrogate for epitope
spreading [29]. Identification of the epitopes will give rise
to the development of novel and individualized therapies.
Therefore, it is worth exploring the factors initiating epitope
spreading.
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3. The Secondary Marker of iMN: THSD7A

3.1. Characteristics of THSD7A and Its Epitopes. The struc-
tural characteristics and epitopes of THSD7A have been
gradually revealed. In 2014, after PLA2R, Tomas et al. [4]
used a combination of glycoproteins purified from glomeru-
lar extracts, followed by Western blotting of the extracts
under nonreducing conditions to detect antibodies that were
reactive with a 250- kD protein in 2.5%–5% of samples from
patients with iMN. This protein was identified by mass spec-
trometry as THSD7A, which is a type 1 transmembrane pro-
tein with a large extracellular N-terminal region comprising

21 thrombospondin type 1 (TSP-1) domains, a coiled coil
domain, a single-pass transmembrane domain, and a short
intracellular C-terminal tail (Figure 1). Seifert et al. [30]
and Stoddard et al. [31] showed that these TSP-1 domains
are included by alternating TSP-1-like and F-spondin-like
domains, both of which consist of three antiparallel peptide
strands tightly connected by three disulfide bridges between
cysteine residues. Similar to PLA2R, THSD7A is expressed
on the basal aspect of foot processes, and the subtype of most
anti-THSD7A autoantibodies is IgG4. In addition, the nonre-
duced form of THSD7A can be exclusively recognized by
autoantibodies, suggesting that disulfide bonds determine
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Figure 1: Schematic and epitope spreading of phospholipase A2 receptor (PLA2R) and of thrombospondin type 1 domain-containing 7A
(THSD7A). The extracellular part of PLA2R contains an N-terminal cysteine-rich (CysR, or ricin B) domain, a single fibronectin type 2
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molecule or on neighboring molecules are exposed as the disease progresses, which are accompanied by the increase of proteinuria and
the decrease of remission.
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the antigenic epitope conformation. Compared with PLA2R,
the identification of antigenic epitopes in THSD7A is less
well defined. THSD7A is predicted to contain multiple epi-
topes in 18 domains (domains 1–17 and 19) by homology
modeling [31], which corresponded well to the domains
identified by Seifert et al. [30], except for domains 4 and 5.
Additional epitope mapping revealed that the dominant epi-
tope in THSD7A-associated MN is located within the N-
terminal TSR1 domain, recognized by autoantibodies in
87% of patient serum samples. Although we have a general
understanding of the epitopes in THSD7A, whether epitope
spreading could also be a relevant biomarker of disease activ-
ity and clinical outcome remains to be determined.

3.2. Pathogenicity of Anti-THSD7A Antibodies. The possibil-
ity that antipodocyte antibodies alter podocyte function or
induce podocyte injury in the absence of detectable comple-
ment activation is illustrated by THSD7A studies. In 2016,
Tomas et al. [32] first isolated anti-THSD7A antibodies from
patients and administered them to mice. They found that
binding of autoantibodies to THSD7A on mouse podocytes
resulted in the onset of proteinuria and a histopathological
pattern that is typical of MN. Unlike previous findings that
the activation of the complement system was responsible
for podocyte damage, they detected that C3 and C5b-9
deposits were absent in these mice, whereas the histopatho-
logic pattern of MN was initiated with induction of protein-
uria at 3 days. In a subsequent study, they also could not

detect membrane attack complex in mice with podocyte
injury after the injection of rabbit anti-THSD7A antibodies
[33]. Further in vitro experiments showed that the anti-
THSD7A antibody directly induced cytoskeleton rearrange-
ment in THSD7A-expressing glomerular epithelial cells and
activated focal adhesion-mediated signaling. These findings
strengthen the preceding conclusion that complement acti-
vation is not vital in the initiation of podocyte injury and that
anti-THSD7A antibodies can directly affect podocyte integ-
rity in vitro, causing cell damage and proteinuria. Remark-
ably, knockdown of thsd7aa—the THSD7A ortholog—in
zebrafish larvae interfered with podocyte differentiation and
impaired glomerular filtration barrier integrity, suggesting
an important role of THSD7A in normal podocyte function
[33]. In a recent study, Herwig et al. [34] investigated the
temporal expression, spatial expression, and biological func-
tion of THSD7A in podocytes to provide insights into the
effect of THSD7A antibody in MN. THSD7A was found to
be present in foot processes (FPs) closest to the slit dia-
phragm that connects interdigitating podocytes and prevents
most proteins from entering the urinary space; its expression
begun with glomerular vascularization during the capillary
loop stage [35] (Figure 2(c)). In addition, they found that
phenotypically, THSD7A was expressed in distinct mem-
brane domains, such as TAPs, resulting in augmented podo-
cyte adhesion and stabilization of podocyte cell dynamics.
Addition of anti-THSD7A antibodies in situ disrupted the
flexible nonclogging barrier to proteins by mechanical
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alteration of the slit diaphragm, which is specific to the three-
layered glomerular filter. Adhesion of the podocyte foot pro-
cess to the glomerular filtration membrane was reduced by
perturbation of the biological function of THSD7A. Both
could destabilize the dynamics of FP and slit diaphragms,
resulting in FP effacement and proteinuria, which are hall-
marks of MN (Figure 2(b)).

4. Extrarenal Autoantigen Exposure

The location of autoantigens initially exposed to the immune
system and how the immune response initiates the produc-
tion of autoantibodies against podocytes and causes damage
to podocytes remain controversial. Under normal circum-
stances, antigen-presenting cells or circulating T cells cannot
directly contact autoantigens expressed in podocytes [36].
Notably, both PLA2R and THSD7A have a wide tissue distri-
bution, including the kidneys. The extrarenal expression of
antigens provides a basis for extrarenal autoantibody produc-
tion. We hypothesize that primary exposure to autoantigens
may occur in human organs other than the kidneys. PM2.5,
gene expression, and tumors significantly facilitate the expo-
sure of extrarenal antigens to the immune system and might
account for the onset of MN.

4.1. Discharge of PLA2R: The Consequence of PM2.5 in iMN.
Given that people who are exposed to high levels of PM2.5 in
the province in China for a long time have an increased risk
of MN, the effect of PM2.5 on glomerulopathy should be
considered [15]. Although PLA2R is highly expressed in the
kidney, it is also present in neutrophils [37], alveolar macro-
phages [38], airway epithelial cells, and submucosal epithelial
cells in humans [39]. The lung, which has a large surface area,
is vulnerable to environmental factors. Inhalation of PM2.5
can cause lung inflammation that results in the accumulation
of inflammatory corpuscles in the airway or alveoli. Activated
neutrophils and macrophages release neutrophil extracellular
traps and macrophage extracellular traps, and PLA2R can
also be discharged into the systemic circulation, initiating
an autoimmune response [40] (Figure 3).

In addition, we hypothesize that PM2.5 exposure con-
tributes to aberrant immune processing by activating antigen
presentation and augmenting autoimmune responses. Exper-
imental studies have shown that air pollution exposure and
oxidative stress induce antigen-presenting cell (APC) matu-
ration [41–45] and then equip them with antigen peptide
MHCmolecular complex required for the activation of T cell
receptors. Interestingly, most of the cells involved in inflam-
mation can also present antigens [46]. Of special relevance
here is the observation that air pollutants (especially fine par-
ticulates) stimulated the production of cytokines, immuno-
globulins, and immune complexes and led to immune
dysfunction, which is related to the pathogenesis of some glo-
merular diseases [47–49]. In addition, PM2.5 can be consid-
ered a foreign body that induces activation of cellular
immunity in the lungs. Thus, it is plausible that PM2.5-
induced exposure of PLA2R outside the kidneys could
increase the incidence of MN.

4.2. Facilitating Antigen Presentation: Genetic Susceptibility
in MN. Genetic analysis has opened new ways to investigate
the link between PLA2R-associated MN and T cell epitopes
[50]. It is necessary to reveal the initial step of MN by under-
standing the interaction between the HLA-D and PLA2R1
loci in PLA2R-related MN. In 1979, iMN was already
reported to be strongly associated with HLA-DR3 [51] and
this was confirmed in subsequent studies. Owing to the
development of genome-wide association studies for the
identification of PLA2R, considerable progress has been
made in the understanding of the molecular genotypes,
which refined the locus to two series of alleles, HLA-DQAI
and PLA2R1 [52]. The most significant locus was on chro-
mosome 6, centered on HLA-DQA1, and homozygosity for
the lead risk alleles increased the odds ratio (OR) for MN
by 20-fold. The other strong signal came from PLA2R1, in
which homozygosity increased the OR for MN by 4-fold.
Meanwhile, because of the interaction between the two loci,
homozygosity in both risk alleles increased the OR by 80-
fold. Although the risk allele in PLA2R1 is intronic, it is
unlikely to change the autoreactivity of PLA2R. A follow-up
study by sequencing the coding sequence and splice sites of
PLA2R1 in 95patients with iMN identified no amino acid
variations that were structurally specific to MN [53]. Because
genetic variations in the amino acid sequence are common, it
is hypothesized that the genetic susceptibility for iMN is con-
ferred by single-nucleotide polymorphisms that might influ-
ence the expression levels or site of PLA2R in the presence of
risk HLA alleles [54].

Based on these initial studies, several studies have con-
firmed the presence of risk alleles in or near HLA-DQA1
[55–58] and found an association between the specific HLA
−DQA1∗0501 allele and the presence of circulating anti-
PLA2R antibodies [56, 57, 59]. However, the situation is
more complex; the degree of linkage disequilibrium of the
HLA locus is high and several studies found that a risk signal
could lie in the HLA-DRB locus. Cui et al. [60] identified
independent risk alleles in DRB1 ∗ 1501 and DRB1 ∗ 0301,
suggesting certain amino acid positions in the major histo-
compatibility complex (MHC) DRβ1 chain facilitate interac-
tions with T cell epitopes of PLA2R. HLA class II genetic
restriction controls specific peptides of PLA2R presenting
to T cells to drive active B cells for high-affinity autoantibody
production (Figure 4,①). Another study by Le et al. [61] not
only identified the most significant risk allele inDRB1 ∗ 1501
but also revealed another independent significant risk allele
in DRB3 ∗ 0202. Of note, one of these two HLA haplotypes
was also found in 44% of healthy controls, demonstrating
that the presence of high-risk alleles may be necessary but
not sufficient for the development of PLA2R-related MN.
In addition to MN, HLA-DQA1 risk alleles are significantly
associated with lupus nephritis, type 1 diabetes, and focal seg-
mental glomerulosclerosis in a German population [55].

In summary, the particular podocyte antigens targeted by
autoantibodies may be involved in the genetic make-up.
Genetic variants may change the molecular conformation
of the antigens to expose new conformational epitopes or
cryptic sites to enable processing to linear T cell peptides that
facilitate the recognition of antigens by the immune system.
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However, variants in the coding regions and HLA class II
genes are common and gene expression alone is not enough
to explain why some individuals developMN, whereas others
do not or some develop late onset disease [62]. Alternatively,
we propose that the genetic susceptibility to iMN may not
depend on the concurrence of PLA2R1 risk alleles but on
the cooccurrence of HLA-D and other external triggers.
Therefore, further studies are needed to identify other poten-
tial mechanisms affecting antigen conformation, and aber-
rant immune processing could lead to the production of
anti-PLA2R antibodies in genetically predisposed patients
with HLA and/or PLA2R1 risk variants.

4.3. Overexpression of THSD7A: The Role of Tumor in iMN.
The association between MN and cancer has been controver-
sial, unlike PLA2R, which has been suggested to be a tumor
suppressor [63], and patients with THSD7A-associated MN
have a significantly increased risk of malignancy. Hoxha
et al. [64] and Hanset et al. [65] found that 20% and 50% of
patients with THSD7A-associated MN were diagnosed with
malignancy on further work-up, respectively. In addition,
two typical cases, one with metastases of endometrial carci-
noma and the other with gallbladder tumor, further explain
the potential molecular mechanism of disease induction in
this setting [64, 66]. In both cases, THSD7A was found to
be expressed in follicular dendritic cells of lymph nodes with
metastatic infiltration. Assessment of the cancerous tissues
showed increased THSD7A mRNA levels and elevated
THSD7A protein expression, suggesting that THSD7A was

actively synthesized by cancer cells. In addition, several stud-
ies found that anti-THSD7A antibodies were correlated with
malignancy, benign tumors, and neurological disease [66–
68], which increases the possibility of extrarenal anti-
THSD7A immunization. It is worth noting that upon tumor
remission, even without the use of immunosuppressive
agents, kidney disease can also be alleviated. Stahl et al. [69]
reported that THSD7A, as a new tumor antigen, plays a
potential role in human cancer. The finding that the expres-
sion of THSD7A differed according to the clinical stage and
differentiation degree of various cancers suggests that
THSD7A is involved in vascular invasion, cancer progres-
sion, metastasis, and angiogenesis mechanisms that support
tumor growth.

Tumor growth requires an increased intratumoral blood
supply that promotes angiogenesis, in which THSD7A, a
tumor-associated antigen, is overexpressed, allowing regional
exposure of the autoantigen to the immune system
(Figure 2(a)). If this hypothesis is confirmed, it is necessary
to reconsider the concept of primary versus secondary MN.

5. Antigen Conformational or
Expression Changes

In the inflammatory state, the production and accumulation
of reactive oxygen species (ROS) exceeds the ability of cells to
clear oxides, and the imbalance between the oxidation and
antioxidant systems leads to the development of oxidative
stress. Under conditions of intense oxidative stress, disulfide
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bonds are formed; however, most proteins do not form disul-
fide bonds in a reducing environment [70]. It is worth noting
that epitopes in both PLA2R and THSD7A require intact
disulfide bonds to maintain their spatial structure and bioac-
tivity [3, 4]. Thus, the antigenicity of PLA2R and THSD7A
requires additional conditions. If oxidative stress is able to
influence the development of disulfide bonds, a synergistic
effect of exposure to these antigens or overexpression under
pathological conditions can be expected.

5.1. Change in Conformation of Intrarenal Antigens. Because
the lungs are directly exposed to the external world, pulmo-
nary inflammation and airway injury caused by PM2.5 are
highly prevalent [71]. PM2.5 is the carrier of toxic sub-
stances, and polycyclic aromatic hydrocarbons and transition
metals adsorbed in it can also directly produce ROS, exacer-
bating inflammation [72]. Moreover, it has been reported
that levels of superoxide radicals, H2O2, and malondialde-
hyde increased and superoxide dismutase decreased in tis-
sues and cells, suggesting that PM2.5 upregulated oxidative
stress [73]. Under this strongly oxidizing environment, disul-

fide bonds can be formed in cytoplasmic proteins [74].
Therefore, when the lungs are exposed to PM2.5, the stability
of PLA2R epitopes may facilitate selection of B cells for gen-
eration of captured antigens onMHCmolecules to present to
T cells, which is an important step in the initiation of the
autoimmune mechanism in MN. Then, activated B cells dif-
ferentiate into plasma cells with the assistance of Th cells and
produce antibodies against the different epitopes of the
PLA2R antigen [21]. In addition, PLA2R, following a pH-
dependent configuration change, may adopt an extended
configuration in the extracellular domain when the microen-
vironment is altered. Thus, the three main epitopes located in
the CysR, CTLD1, and CTLD7 domains may be more acces-
sible in the extended conformation of PLA2R that would oth-
erwise not be recognized by the immune system, triggering
epitope spreading.

Inflammation is one of the pathways activated because of
environmental stimuli as well as cancer, which is linked to
the pathogenesis of MN. Recent studies have demonstrated
that cancer initiation and progression are linked to inflam-
mation and oxidative stress [75]. Inflammation is considered
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a hallmark of cancer in the tumor microenvironment.
Indeed, cancer is viewed as a wound that does not heal
[76], inducing persistent activation of inflammatory signals
and releasing proinflammatory cytokines. Thus, cancer
recruits inflammatory cells and stimulates them to generate
ROS, reactive nitrogen intermediates, and cytokines [77,
78], that is, like a bridge, ROS plays a critical role in the close
association between inflammation and cancer [79]. There-
fore, during tumor development, upregulation of THSD7A
and persistent expression of pathogenic epitopes triggers an
immune response. In the first step, regionally expressed
THSD7A, due to oncogenesis, is released and taken up by
dendritic cells (DCs), which coordinate specific immune sig-
nals to lose peripheral tolerance toTHSD7A. Such immuno-
genic signals might include proinflammatory cytokines and
factors, such as TNF-α, IL-1, IFN-α, and CD40L/CD40, to
promote immunity. DCs present a THSD7A antigen peptide
to T cells in the form of antigen peptide MHC molecular
complex, resulting in the activation of cytotoxic T lympho-
cytes and helper T cells (Th) against the THSD7A antigen.
Developed mature Th cells and numerous cytokines drive
the differentiation of activated B cells into plasma cells, which
produce high-affinity antibodies [80].

5.2. Change in Expression of Podocyte Target Antigens and
Other Potential Antigens. Circulating antibodies produced
by extrarenal antigen exposure can specifically bind to podo-
cyte target antigens through endothelial cells and GBM. In
addition, the anti-PLA2R1 and anti-THSD7A antibodies ini-
tially produced against nonpodocyte antigens exclusively
bind with podocyte antigen epitopes determined by the pres-
ence of disulfide bonds in a nonreducing state [4]. The role of
antigen conformational charges in extrarenal tissue has been
suggested in anti-GBM disease [81]. Exactly as that in Good-
pasture’s disease, MNmay also be considered an autoimmune
“conformeropathy” involving pathogenic conformational
changes. Interestingly, air pollution and malignancy both
cause oxidative stress and inflammation, which trigger the
release of secondary mediators. The resulting cytokines and
oxygen free radicals may exert distant effects in other organs,
such as the kidneys. A study in China confirmed renal injury
after consecutive exposure to PM2.5 and revealed that it
occurred via inflammatory cytokine and chemokine expres-
sion and reduced antioxidant activity [73]. Analysis of renal
biopsies in THSD7A-associatedMNwithmalignancy revealed
that more inflammatory cells infiltrated the glomeruli in
patients with no malignancy [64, 82]. Therefore, both PM2.5
and malignancy may contribute to the nonreducing state in
the renal microenvironment, enabling circulating antibodies
to bind to cryptic epitopes that may be hidden in healthy
individuals.

Antibodies against cytoplasmic podocyte proteins,
including α-enolase, aldose reductase, and manganese super-
oxide dismutase 2, have been detected in the sera of patients
with primary and secondary MN [83, 84]. However, these
cytoplasmic antigens are not accessible to circulating anti-
bodies under normal conditions. Oxidative stress caused by
PM2.5 and tumors may be a primary insult to podocytes,
which is responsible for the novel membrane expression of

cytoplasmic antigens, which triggers the formation of new
antibodies [85, 86]. Although intriguing, the role of oxidative
stress in the initiation and/or maintenance of the disease has
not been firmly established.

6. Disparate Paths to the Same Disease

The initiation of MN is the result of a multihit mechanism.
Based on the current understanding, we recognize the possi-
bility that associated factors, including malignancy, chronic
infection, or environmental factors, may represent a
disease-precipitating “second hit” in a patient with genetic
and immune predisposition to develop MN [87]. Through a
large number of high-quality research [15, 64, 66, 69, 88],
we discuss the similarities between PLA2R and THSD7A,
focus on the effect of PM2.5 and tumor in MN, and allow
to better identify the potential pathogenic factors in MN
(Figure 4).

IgG4 is the most prevalent subclass in most cases of
PLA2R- and THSD7A-related MN. IgM> IgG3> IgG1> Ig-
G2> IgG4 is considered the temporal model sequence of Ig
class switching in the germinal center reaction [89]. To note,
in the progress of MN, Ig subclasses switch from IgG1 at the
early stage to IgG4 at all later stages [90]. Induced by envi-
ronmental stimuli or other causes, the PLA2R1 antigen
and/or THSD7A antigen constant is exposed to extrarenal
tissues. During prolonged disease activity, high-affinity
IgG4 often formed by following repeated or long-term expo-
sure to antigen [91–93]. Based on this understanding, we
have further speculated that the occurrence of MN is due to
prolonged exposure of some factors. PLA2R and THSD7A
expressed in extrarenal tissues and presenting pathogenic
epitopes are necessary to elicit autoimmune responses. It
should be noted that both PM2.5 and malignancy may
induce extrarenal antigen exposure to immune cells through
conformational changes, molecular mimicry, or upregulated
expression and directly damage the kidneys. Inflammation
enhances the immunogenicity of autoantigens and affects
the antigen processing capacity of APCs, which contributes
to the autoimmune response. Undoubtedly, genetic suscepti-
bility influences the development of MN, and other patho-
genic factors exert an additive effect in determining
whether the genetic potential is manifested [94]. Immuniza-
tion can be augmented by the unmasking of hidden cryptic
epitopes undergoing conformational changes upon exposure
to environmental stimuli [95]. The MNmay appear to be pri-
mary but in fact represent occult secondary disease. The dis-
covery of other factors that promote antigen recognized by
the immune system is worthy of further exploration and con-
firmation. In addition to PM2.5 and tumor being clearly
related to the occurrence of MN, dysbiosis of the gut micro-
biota could be another factor. Indeed, the existing studies
indicate that patients with MN exhibited gut microbial signa-
tures distinct from healthy controls, which suggests the
potential of gut microbiota as a contributor in the pathogen-
esis of MN [96, 97]. However, the direct evidence for the rela-
tionship between dysbiosis of the gastrointestinal flora and
the development of MN is lacking and needs to be further
enriched.
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In addition, PLA2R and THSD7A expressed in podocytes
play an indispensable role in maintaining the integrity of
podocyte function, which may determine why the disease
mainly affects podocytes and the pathological features are
limited to the kidney. The location of autoantigenic proteins
is restricted to the space between podocytes and the GBM.
The clearance of immune complexes under the glomerular
epithelium may be blocked; however, the bronchial epithe-
lium is in direct contact with the environment and the cell
turnover rate is high, which may promote the clearance of
immune deposits through the sputum. Moreover, the biology
of autoantigenic proteins in podocytes is another key precon-
dition. Fresquet et al. [98] offered insights into the role of
PLA2R in podocytes through PLA2R and the A2t complex.
They found that PLA2R may be at the heart of actin cytoskel-
eton reorganization and tight junction assembly. In vitro,
anti-PLA2R antibodies interfere with the adhesion of podo-
cytes to collagen type IV in MN [99]. As mentioned above,
THSD7A plays an important role in the integrity of the glo-
merular filtration barrier. Autoantibodies to THSD7A might
alter the structural and functional permeability of the slit dia-
phragm to proteins.

In conclusion, the discovery of PLA2R and THSD7A as
two autoantigens in MN has been a “game changer” that
has fundamentally changed our approach toward diseases.
However, many questions remain unsolved. In this review,
we analyzed the similarities in the pathological mechanisms
triggered by disparate antigens and their associated diseases
resulting in the same renal phenotype to explore the triggers
of MN. Further research is required to reveal the molecular
pathogenesis of MN in the lungs and tumors and investigate
innovative therapeutic strategies targeting MN-specific path-
ological mechanisms.
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Background. The prognostic nutritional index (PNI) has been reported to significantly correlate with poor survival and
postoperative complications in patients with various diseases, but its relationship with mortality in COVID-19 patients has not
been addressed. Method. A multicenter retrospective study involving patients with severe COVID-19 was conducted to
investigate whether malnutrition and other clinical characteristics could be used to stratify the patients based on risk. Results. A
total of 395 patients were included in our study, with 236 patients in the training cohort, 59 patients in the internal validation
cohort, and 100 patients in the external validation cohort. During hospitalization, 63/236 (26.69%) and 14/59 (23.73%) patients
died in the training and validation cohorts, respectively. PNI had the strongest relationships with the neutrophil-lymphocyte
ratio (NLR) and lactate dehydrogenase (LDH) level but was less strongly correlated with the CURB65, APACHE II, and SOFA
scores. The baseline PNI score, platelet (PLT) count, LDH level, and PaO2/FiO2 (P/F) ratio were independent predictors of
mortality in COVID-19 patients. A nomogram incorporating these four predictors showed good calibration and discrimination
in the derivation and validation cohorts. A PNI score less than 33.405 was associated with a higher risk of mortality in severe
COVID-19 patients in the Cox regression analysis. Conclusion. These findings have implications for predicting the risk of
mortality in COVID-19 patients at the time of admission and provide the first direct evidence that a lower PNI is related to a
worse prognosis in severe COVID-19 patients.

1. Introduction

By the end of 19th June 2021, more than 177,833,450 con-
firmed coronavirus disease 2019 (COVID-19) cases had been
documented worldwide, with more than 3,851,736 deaths
[1]. Unlike patients with other common infectious diseases,
patients with COVID-19 have a wide range of clinical mani-
festations, including complex and mixed pulmonary condi-
tions and multiorgan failure that can lead to death. However,
not all patients develop a poor clinical outcome. Given the
large number of COVID-19 cases, we need to pay more atten-
tion to those who are likely to progress to death.

Recent evidence has shown that malnutrition is a critical
prognostic factor in many diseases, including autoimmune

diseases [2], cardiovascular diseases [3], lung diseases [4, 5],
and malignancies [6]. Chronic inflammatory diseases are
associated with the increased production of catabolic cyto-
kines, muscle catabolism, appetite suppression, and lower
albumin levels [7]. High degrees of malnutrition correlate
with high levels of inflammation [8]. Malnutrition is a mod-
ifiable risk factor [9].

The prognostic nutritional index (PNI) is calculated
based on the serum albumin concentration and lymphocyte
count in the peripheral blood. Previously, the PNI was
reported to correlate significantly with poor survival and
postoperative complications in patients with various malig-
nant digestive system tumors [10, 11]. A previous study indi-
cated that a lower PNI in patients with a decreased left atrial
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ejection fraction tended to be associated with a higher risk of
mortality in a retrospective study [12]. Once they have been
infected with severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2), patients, particularly elderly patients, often
develop cardiovascular dysfunction due to the widespread
expression of angiotensin-converting enzyme 2 (ACE2) in
the heart and blood vessels [13]. Therefore, the prognostic
value of the PNI in patients with COVID-19 is worth further
investigation. However, to date, the relevant studies have
mainly focused on crude analyses rather than establishing a
systematic, quantified model; hence, the application value
of the present PNI is extremely limited [14, 15].

As current evidence regarding the prognostic impact of
malnutrition on severe COVID-19 is limited and the rela-
tionship between malnutrition and mortality in COVID-19
patients has not been addressed, we aimed to identify the
prevalence, clinical associations, and prognostic conse-
quences of malnutrition in a retrospective cohort of patients
with severe COVID-19 and establish a novel prognostic
nomogram for the early prediction and modification of the
disease outcome.

2. Materials and Methods

2.1. Data Source. The medical records and compiled data
used in this retrospective study were collected from
COVID-19 patients in Renmin Hospital of Wuhan Univer-
sity and Jin Yin Tan Hospital in Wuhan City. All patients
had a clear clinical outcome of either hospital discharge or
death. Data were reviewed by a trained team of physicians
[16]. The study was approved by the Ethics Committee of
Renmin Hospital of Wuhan University.

2.2. Laboratory Confirmation. Laboratory confirmation of
SARS-CoV-2 infection was obtained with patients’ throat
swab specimens and was conducted in Renmin Hospital of
Wuhan University and Jin Yin Tan Hospital. The severity
of COVID-19 was defined at the time of admission,
according to American Thoracic Society guidelines for
community-acquired pneumonia (CAP) [17]. All laboratory
tests were performed according to the clinical care needs of
the patients. The laboratory assessments consisted of a com-
plete blood count, liver function assessment, and arterial
blood gas measurements. To minimize sampling bias, the
data on admission were obtained, by communicating effec-
tively with medical workers and double-checking.

The neutrophil-lymphocyte ratio (NLR) was defined by
dividing the neutrophil count by the lymphocyte count.
The prognostic nutritional index (PNI) score was calculated
using the formula ten × serum albumin ðg/dLÞ + 0:005 ×
total lymphocyte count (mm3) [18]. A score greater than 38
is considered normal; scores of 35 to 38 and less than 35
reflect moderate and severe malnutrition, respectively.

2.3. Statistical Analysis. Continuous variables are expressed
as the medians with interquartile ranges (IQRs) as well as
mean with standard deviation, while categorical variables
are presented as frequencies and percentages (%). To deter-
mine differences between the two groups, chi-squared tests

were performed for categorical variables, and Wilcoxon
rank-sum and one-way ANOVA tests were performed for
continuous variables [19].

A novel prognostic nomogram was constructed based on
the results of multivariate analysis obtained with the rms
package in R; the nomogram was developed based on 80%
of the internal data and validated with the remaining 20%
of internal data and another 100 external cases. The discrim-
ination performance of the nomogram was quantified using
the concordance index (C-index) and calibration curve
analysis. The C-index value ranges from 0.5 to 1.0, with 0.5
indicating random chance and 1.0 demonstrating perfect
discrimination.

To evaluate the discriminatory ability of the prognostic
nomogram, receiver operating characteristic (ROC) curves
were generated, and differences among the areas under the
curve (AUCs) were compared. Correlations were assessed
with Kendall’s tau-b analysis, and survival probability was
evaluated by Cox analysis.

All analyses were conducted using R (version 3.6.3) and
SPSS (version 25). P values less than 0.05 were considered
statistically significant in each statistical analysis.

3. Results

3.1. Clinical Characteristics of Patients with COVID-19. A
total of 323 patients with severe COVID-19 were identified
according to the inclusion criteria, of whom 28 patients were
excluded for having (1) incomplete medical records (n = 17)
or (2) hospital stays less than 24h (n = 11). Finally, 295
patients were included in our study, with 236 patients in
the training cohort and 59 patients in the validation cohort
(Figure 1). The clinical characteristics of the patients
included in the training and validation cohorts are presented
in Table 1. Among them, 116 (49.15%) and 37 (62.71%)
patients were male, with a median age of 61 years and 60
years in the training and validation cohorts, respectively.
There were no significant differences in clinical characteris-
tics or disease severity scores (using the Acute Physiology

323 Cases in medical record system

306 Cases in medical record system

17 Cases excluded
(without complete medical record)

295 Cases were included
236 Training cohort (80%)
59 Validation cohort (20%)

11 Cases excluded
(hospital stay < 24h)

Figure 1: Flowchart of patient recruitment in the internal cohort.
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and Chronic Health Evaluation II (APACHE II), sequential
organ failure assessment (SOFA), and CURB65 scores)
between the two cohorts (Table 1). During hospitalization,
63/236 (26.69%) and 14/59 (23.73%) patients died in the
training and validation cohorts, respectively. In addition,
218 (73.90%) patients recovered and had been discharged
at the time of analysis.

3.2. Comparison between Surviving and Nonsurviving
Patients in the Training Cohort. Surviving and nonsurviving

patients with COVID-19 had significant differences in many
clinical characteristics and laboratory indicators on admis-
sion. Patients in the nonsurviving group were significantly
older (74 years, IQR 63-81) than surviving patients (55 years,
IOR 44-66). Although many studies have indicated that male
patients with COVID-19 had a higher risk of mortality, in the
current study, 37 of the 63 (58.73%) patients in the nonsur-
viving group were male, which was not different from the
proportion in the surviving group (79/173, 45.66%, P > 0:05).
Patients with hypertension were more likely to die, and those

Table 1: Clinical characteristics of patients with COVID-19 in the training and validation cohorts.

Training cohort (N = 236) Validation cohort (N = 59) P value

Gender (N , %) 0.062

Male 116 (49.15%) 37 (62.71%)

Female 120 (50.85%) 22 (37.29%)

Age (years) 61 (48,71) 60 (47.69) 0.550

History (N , %)

Hypertension 70 (29.67%) 15 (25.42%) 0.520

DM 36 (15.25%) 8 (13.56%) 0.744

Symptoms (N , %)

Fatigue 104 (44.07%) 27 (45.76%) 0.815

Headache 15 (6.36%) 3 (5.08%) 0.952

Cough 152 (64.41%) 42 (71.19%) 0.326

Dyspnea 67 (28.39%) 19 (32.20%) 0.564

Diarrhea 27 (11.44%) 6 (10.17%) 0.774

Signs

Temperature 36.70 (36.50, 37.00) 36.60 (36.40, 37.00) 0.548

HR (bpm) 86 (80, 98) 88 (81, 98) 0.336

RR (/min) 20 (19, 24) 20 (20, 25) 0.552

Laboratory indices

WBC counts (109/L) 6.29 (4.46, 9.37) 5.37 (3.96, 8.02) 0.105

NEU counts (109/L) 6.51 (3.56, 50.3) 5.14 (3.12, 29.41) 0.244

LYM counts (109/L) 1.21 (0.72, 5.33) 1.16 (0.72, 2.77) 0.886

MON counts (109/L) 0.53 (0.37, 2.33) 0.53 (0.33, 1.15) 0.764

NLR 4.62 (2.32, 10.02) 3.78 (1.79, 9.11) 0.406

HGB (g/L) 125.00 (115.00, 137.00) 130.00 (119.00, 143.00) 0.088

PLT (109/L) 199.50 (141.80, 262.30) 205.00 (156.00, 252.00) 0.529

ALB (g/L) 35.10 (32.00, 39.40) 37.00 (32.30, 40.00) 0.308

PNI 36.19 (33.23, 39.78) 37.00 (32.30, 40.00) 0.916

ALT (U/L) 26.50 (17.30, 43.00) 27.00 (16.50, 41.50) 0.689

AST (U/L) 31.00 (22.00, 46.00) 30.00 (21.00, 38.50) 0.460

GLU (mmol/L) 5.90 (5.02, 7.79) 5.56 (4.77, 6.79) 0.059

LDH (U/L) 296.50 (211.00, 432.50) 273.00 (220.00, 420.00) 0.825

P/F ratio (mmHg) 168.85 (100.42, 289.75) 231.42 (131.11, 342.00) 0.120

CURB65 1.0 (0, 1.0) 1.0 (0, 1.0) 0.931

APACHE II 6.0 (3.0, 10.0) 6.0 (3.0, 10.0) 0.600

SOFA 2.0 (1.0, 4.0) 1.0 (0, 3.0) 0.143

Death (N , %) 63 (26.69%) 14 (23.73%) 0.643

Abbreviations: DM; diabetes mellitus; WBC: white blood cells; NEU: neutrophils; LYM: lymphocytes; MON: monocytes; NLR: neutrophil-lymphocyte ratio;
HGB: hemoglobin; PLT: platelet; ALB: albumin; PNI: prognostic nutritional index; ALT: alanine transaminase; AST: aspartate aminotransferase; LDH: lactic
dehydrogenase; P/F ratio: PaO2/FiO2 ratio; CURB65: confusion, uremia, respiratory rate, blood pressure; APACHE II: Acute Physiology and Chronic
Health Evaluation II; SOFA: sequential organ failure assessment.
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Table 2: Clinical characteristics of surviving and nonsurviving patients in the training cohort.

Surviving patients (N = 173) Nonsurviving patients (N = 63) P value

Gender (N , %) 0.076

Male 79 (45.66%) 37 (58.73%)

Female 94 (54.34%) 26 (41.27%)

Age (years) 55 (44, 66) 74 (63, 81) <0.001
History (N , %)

Hypertension 40 (23.12%) 30 (47.62%) <0.001
DM 25 (14.45%) 11 (17.46%) 0.569

Symptoms (N , %)

Fatigue 63 (36.42%) 41 (65.08%) <0.001
Headache 13 (7.51%) 2 (3.17%) 0.227

Cough 115 (66.47%) 37 (58.73%) 0.272

Dyspnea 36 (20.81%) 31 (49.21%) <0.001
Diarrhea 20 (11.56%) 7 (11.11%) 0.925

Signs

T 36.70 (36.50, 37.00) 36.70 (36.40, 36.90) 0.543

HR 86 (80, 98) 86 (77,102) 0.898

RR 20 (19, 22) 20 (19, 28) 0.052

Laboratory indices

WBC counts (109/L) 5.65 (4.28, 8.10) 8.49 (5.61, 11.98) <0.001
NEU counts (109/L) 5.51 (3.02, 61.85) 7.89 (4.62, 13.16) 0.259

LYM counts (109/L) 1.53 (0.9, 11.2) 0.60 (0.41, 1.13) <0.001
MON counts (109/L) 0.57 (0.39, 4.8) 0.42 (0.28, 0.65) <0.001
NLR 3.41 (1.89, 7.16) 12.51 (7.22, 18.83) <0.001
HGB (g/L) 125.00 (116.50, 136.00) 122.00 (111.00, 137.50) 0.560

PLT (109/L) 214.00 (157.00, 287.00) 155.00 (114.50, 208.50) <0.001
ALB 35.90 (32.60, 39.90) 33.40 (31.40, 36.60) 0.004

PNI 37.21 (34.07, 40.56) 33.41 (31.46, 36.63) <0.001
ALT (U/L) 27.00 (16.50, 43.00) 25.00 (20.00, 45.00) 0.708

AST (U/L) 30.00 (22.00, 42.00) 41.00 (24.00, 63.00) 0.001

GLU (mmol/L) 5.60 (4.96, 7.13) 7.00 (5.78, 10.30) <0.001
LDH (U/L) 263.00 (195.00, 355.00) 493.00 (362.50, 611.50) <0.001
P/F ratio 257.58 (168.85, 314.75) 104.44 (75.56, 150.00) <0.001

Abbreviations: DM: diabetes mellitus; WBC: white blood cells; NEU: neutrophils; LYM: lymphocytes; MON: monocytes; NLR: neutrophil/lymphocyte ratio;
HGB: hemoglobin; PLT: platelet; ALB: albumin; PNI: prognostic nutritional index; ALT: alanine transaminase; AST: aspartate aminotransferase; LDH: lactic
dehydrogenase; P/F ratio: PaO2/FiO2 ratio; CURB65: confusion, uremia, respiratory rate, blood pressure; APACHE II: Acute Physiology and Chronic
Health Evaluation II; SOFA: sequential organ failure assessment.

Table 3: Univariate and multivariate logistic analysis of potential prognostic factors.

Factors
Univariate analysis Multivariate analysis

OR (95% CI) P value OR (95% CI) P value

Age 1.089 (1.060, 1.119) <0.001 0.105

Hypertension 3.023 (1.646, 5.551) <0.001 0.165

Fatigue 3.254 (1.780, 5.950) <0.001 0.666

Dyspnea 3.687 (1.992, 6.822) <0.001 0.373

WBC count 1.197 (1.101, 1.301) <0.001 0.696

NLR 1.155 (1.101, 1.212) <0.001 0.805

PLT count 0.991 (0.987, 0.995) <0.001 0.984 (0.974, 0.993) 0.001

PNI 0.839 (0.774, 0.911) <0.001 0.853 (0.740, 0.983) 0.028

LDH 1.009 (1.006, 1.011) <0.001 1.005 (1.001, 1.009) 0.012

P/F ratio 0.986 (0.981, 0.992) <0.001 0.988 (0.981, 0.995) 0.001
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with dyspnea before admission tend to have a poor outcome
(P < 0:001), with a history of hypertension in 41/63 (65.08%)
of nonsurviving patients and 63/171 (36.84%) of surviving
patients and dyspnea in 31/63 (49.21%) of nonsurviving
patients and 36/171 (21.05%) of surviving patients. No differ-
ences were observed in headache, cough, and diarrhea.

In addition, the white blood cell count (109/L) was 8.49
(IQR 5.61-11.98) in nonsurviving patients, which was dra-

matically higher than that in surviving patients (5.65 (IQR
4.28-8.10)). Meanwhile, the lymphocyte count (109/L) was
0.60 (IQR 0.41-1.13) in nonsurviving patients, which was
dramatically lower than that in surviving patients (1.53
(IQR 0.90-11.2)). The monocyte count (109/L) was 0.42
(IQR 0.28-0.65) in nonsurviving patients, which was
dramatically lower than that in surviving patients (0.57
(IQR 0.39-4.8)) (Table 2, P < 0:001). As an indicator of the
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Figure 2: Development and performance of the nomogram in the training cohort. (a) A nomogram for predicting the prognosis of patients
with severe COVID-19; (b) calibration curve of the nomogram in the training cohort, which depicts the calibration of the nomogram in terms
of the agreement between the predicted risk of death and observed outcomes. The 45° dotted line represents an ideal prediction, and the solid
line represents the bias-corrected predictive performance of the nomogram. The closer the solid line fits the ideal line, the better the predictive
accuracy of the nomogram; (c) ROC curve of the nomogram in the training cohort.
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Figure 3: Continued.
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response to an infection, the neutrophil/lymphocyte ratio
(NLR) was also higher in nonsurviving patients (12.51, IQR
7.22-18.83) than in surviving patients (3.41, IQR 1.89-7.16).
The blood platelet count represents coagulation function
and was dramatically reduced in nonsurviving patients
(155.00 (IQR 114.50-208.50) vs. 35.90 (IRQ 157.00-287.00))
(P < 0:001). Moreover, the serum levels of AST and GLU
were also higher in patients with poor outcomes than in the
other group (41.00 (IRQ 24.00-63.00) vs. 30.00 (IRQ 22.00-
42.00), P < 0:001; 7.00 (IRQ 5.80-10.30) vs. 5.60 (IRQ 4.96-
7.13), P < 0:001). COVID-19 damages respiratory function,
and the PaO2/FiO2 (P/F) ratio in nonsurviving patients was
markedly lower than that in surviving patients (104.44
(IQR 75.56-150.0) vs. 257.58 (IQR 168.85-314.75)). The
PNI score in nonsurviving patients on admission was 33.41
(IQR 31.46-36.63), which was significantly lower than that
in surviving patients (37.21 (IQR 34.07-40.56)) (Table 2).

3.3. Logistic Regression Analysis and Nomogram Establishment.
Multivariate logistic regression analysis showed that the PLT
count (odds ratio (OR) and 95% confidence interval (CI),
0.984 (0.974, 0.993); P = 0:001), baseline PNI score (OR and
95% CI, 0.853 (0.740, 0.983); P = 0:028), lactate dehydroge-
nase (LDH) level (OR with 95% CI, 1.005 (1.001, 1.009);
P = 0:012), and P/F ratio (OR with 95% CI, 0.988 (0.981,
0.995); P = 0:001) were independent predictors of mortality
in COVID-19 patients (Table 3).

A nomogram incorporating these four predictors was
then constructed (Figure 2(a)) and showed good reliability
(C-index: 0.959). The calibration curve for the nomogram
(Figure 2(b)) showed good calibration in the training cohort.
Then, the favorable calibration of the nomogram was con-
firmed in the validation cohort (Figure 3(a)). The AUCs of

the nomogram in the training and validation cohorts were
0.894 (95% CI, 0.832-0.956; Figure 2(c)) and 0.921 (95% CI,
0.834-1.000; Figure 3(c)), respectively, which revealed good
discrimination. Furthermore, our nomogram also performed
well in an external validation cohort (Figure 3(b)), with an
AUC of 0.795 (95% CI, 0.681-0.908, Figure 3(d)).

3.4. Correlation between the PNI Score and Other Biomarkers
of Disease Severity. The AUC for the PNI score was 0.711
(95% CI, 0.628-0.793), with a cutoff value of 33.405
(Figure 4(a)). We then divided the enrolled data into two
groups based on the cutoff value of the PNI score. Cox anal-
ysis showed a significant reduction in the survival probability
in the patients with a PNI score less than 33.405 on admis-
sion (Figure 4(b)). Furthermore, the correlation between
the PNI score and disease severity was evaluated with Ken-
dall’s tau-b analysis. The results showed that the PNI score
had the strongest negative relationships with the NLR and
LDH level (R = −0:458, P < 0:001 and R = −0:414, P < 0:001
) but was less strongly correlated with the CURB65
(R = −0:303, P < 0:001), APACHE II (R = −0:313, P < 0:001
), and SOFA (R = −0:256, P < 0:001) scores (Figure 4(c)).

4. Discussion

In this study, we retrospectively assessed the clinical charac-
teristics of severe COVID-19 patients frommultiple hospitals
and identified the baseline risk factors for mortality. Our
results indicated that the PLT count, PNI score, P/F ratio,
and LDH level on admission were independent predictors
of mortality. The nomogram based on these risk factors
showed good calibration and discrimination in the training
and validation cohorts.
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With the rapid increase in newly confirmed and severe
cases, the management of patients with severe cases has
become a challenging issue during the COVID-19 outbreak.
The timely identification of patients at a high risk of develop-
ing acute respiratory distress syndrome (ARDS), multiorgan
failure, and death might help clinicians develop individual
treatment plans and rationally allocate medical resources.

In our cohorts, the mortality of patients with severe
COVID-19 was 26.70%, which was higher than that in some
large-scale reports [20] and slightly lower than that in Wash-
ington state in February [21]. This might be because we
enrolled patients with COVID-19 during the early phase of
the pandemic in Wuhan City, China. In addition, we found
that nonsurviving patients were more likely to be older and
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have underlying hypertension than surviving patients, which
is in agreement with recent reports, which have suggested
that age and hypertension may be risk factors for progression
to severe COVID-19 [22, 23].

In our study, the patients with severe COVID-19 who
died had lower baseline platelet counts, PNI scores, and P/F
ratios and higher LDH levels, and these variables were inde-
pendent risk factors for mortality. Previous studies showed
that thrombocytopenia in COVID-19 patients was not a sig-
nificant predictor of disease progression or adverse outcomes
[24, 25]. Studies in consecutive patients with COVID-19 have
reported that only approximately 5% of patients present with
a platelet count less than 100 × 109 cells/L. Mild thrombocy-
topenia (a platelet count < 150 × 109 cells/L) is identified in
70-95% of patients with severe COVID-19 [20]. The P/F
ratio, which directly reflects lung oxygenation, represents
the severity of ARDS in COVID-19 patients. In our study,
the P/F ratio in nonsurviving patients was twofold lower than
that in surviving patients, which was similar to the findings in
Arentz et al.’s study [21]. Furthermore, in our previous study,
the area under the curve (AUC = 0:878) implied that a serum
LDH level greater than 344.5U/L was strongly predictive of
severe COVID-19, with high specificity (96.9%) and sensitiv-
ity (68.8%), further confirming that the LDH level is a strong
predictive factor that can be used for the early detection of
lung injury and severe COVID-19 cases [26].

Interestingly, we found that the prognostic nutritional
index (PNI), which was initially used to assess patients’
immune and nutritional statuses during the perioperative
period and is calculated based on the serum albumin concen-
tration and lymphocyte count in the peripheral blood, was also
associated with mortality in patients with severe COVID-19.
Previously, PNI was reported to be significantly correlated with
poor survival and postoperative complications in patients with
various malignant digestive system tumors [10, 11]. However,
no studies have explored the association between the immuno-
nutritional status and prognosis in COVID-19 patients.

Albumin is a widely used indicator of nutrition and has
been shown to be associated with a poor outcome in critically
ill patients. Growing evidence has shown that COVID-19 is
associated with a strong cytokine storm [27] and, consequently,
the consumption of albumin. Hypoalbuminemia is a typical
clinical manifestation of various critical illnesses [28–31]. In
our study, we found that the PNI score was significantly lower
in nonsurviving patients and was most strongly negatively
related to the NLR. The NLR is a reliable marker of systemic
inflammation. A higher NLR has been widely reported to be
a predictive indicator of poor survival in patients with many
different diseases [32, 33]. The PNI score involves a combina-
tion of the albumin level and lymphocyte count in the periph-
eral blood, whereas the NLR can only reflect the inflammation
status. In recent studies, the PNI was superior to the NLR as a
prognostic marker in many cancer patients [34–36].

Furthermore, we also showed that the PNI score was neg-
atively correlated with the LDH level. The LDH level was
found to be positively associated with the C-reactive protein
(CRP) level and negatively associated with the lymphocyte
count [26]. Therefore, the PNI has been confirmed to be a

marker of the immunonutritional status of critically ill
patients. The PNI was less strongly correlated with the
CURB65, APACHE II, and SOFA scores in our study. The
PNI score is a new biomarker of critical illness.

A combination of nutrition and inflammation can better
predict the disease progression than an individual predictor.
However, studies on the PNI score in COVID-19 patients are
extremely limited. We evaluated the clinical characteristics
and prognostic importance of the PNI score in severe
COVID-19 patients, providing the first direct evidence that
a lower PNI score is related to a worse prognosis. Further-
more, our nomogram, which includes the PNI score, had a
higher AUC than the PNI score alone for predicting disease
prognosis, which provides a new method of evaluating dis-
ease outcomes with good predictive accuracy.

However, there are still some limitations of our study.
Our study was a retrospective study. The characteristics of
the enrolled patients were imbalanced, and approximately
26.70% of the patients died. Second, the sample size was lim-
ited, and adjuvant treatments during hospitalization were
thought to be similar but were not analyzed. A larger global
cohort study of patients with COVID-19 would help further
validate the nomogram model and identify the risk factors
for severe COVID-19 and mortality.

5. Conclusion

In conclusion, our results provide the first direct evidence
that a lower PNI score is related to a worse prognosis in
patients with severe COVID-19. We also found that a lower
PLT count, PNI, and P/F ratio and a higher LDH level on
admission are independent predictors of mortality in patients
with severe COVID-19, and the nomogram based on these
four risk factors showed good predictive accuracy in the
training and validation cohorts.
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Background. Allergic rhinitis (AR) is a global disease without specific treatment. Human mesenchymal stem cell- (HMSC-) derived
exosomes (HMSC-exos) have been implicated for the amelioration of allergic inflammation by delivering miR-146a-5p in a mouse
asthma model. However, the antiallergic activity and the underlying mechanism of HMSC-exos in AR remain unclear. The present
study aimed to investigate the role of HMSC-exos in the pathogenesis of AR. Materials and Methods. Blood specimens were
collected from AR patients and healthy donators for investigation. HMSC and CD4+ T cells were used in the present study.
Flow cytometry was used to characterize the population of Type 1 helper T (Th1) and Th2 cells. Specific siRNA and
overexpressed plasmids were designed to silence or overexpress the expressions of miR-146a-5p and SERPINB2. Luciferase
reporter assay was adopted to explore the binding site of miR-146a-5p and SERPINB2. Quantitative real-time PCR and
immunoblots were performed to estimate the expression of target genes. Results. The population of Th2 cells was significantly
elevated in AR patients as compared with that in healthy donators. HMSC-exos could decrease the expression of SERPINB2 and
the differentiation of Th2 cells. miR-146a-5p in HMSC-exos exhibited consistent effects and lowered the expression of
SERPINB2 by binding on its 3′UTR region. Moreover, the differentiation of Th2 cells was promoted by SERPINB2 that could
be reversed by HMSC-exos. Additionally, the miR-146a-5p expression was negatively associated with the SERPINB2 expression
in the serum of AR patients. Conclusion. HMSC-exos could inhibit the differentiation of Th2 cells via the regulation of the miR-
146a-5p/SERPINB2 pathway. miR-146a-5p and SERPINB2 could be applied as potential targets for AR treatment.

1. Introduction

Allergic rhinitis (AR) is a type of nasal mucosal disease
characterized by overreacted immune responses. It is a global
disease that affects approximately 20%–30% of the world
population [1]. Although AR is not fatal, patients usually
experience physical discomfort and psychological stress that
heavily impairs their quality of life. The pathogenesis of AR
is associated with the activation of immunoglobulin E (IgE)
and the release of inflammatory components, such as
histamine in response to specific allergens [2]. Our previous
study revealed that the reduction of inflammatory responses
using taurine could ameliorate the symptoms of AR in a
mouse model [3]. Therefore, strategies to inhibit the
inflammation in the nasal mucosa are potential therapeutics
for AR treatment.

Type 1 helper T (Th1) and Th2 cells are two subtypes of
helper T cells. Th1 cells are activated by IL-12 and marked by
T-bet. Th1 cells can secrete IFN-γ and IL-2 and stimulate the
activities of macrophages and CD8+ T cells that mediate cell-
mediated immune responses against intracellular antigens
[4]. By contrast, Th2 cells are activated by IL-4 and IL-2
and marked by GATA-3. Th2 cells can stimulate B cells
and mediate humoral immune responses against extracellu-
lar antigens [4]. The imbalance of Th1 and Th2 cells is
considered to be a pathogenic factor of allergic diseases, such
as AR [5]. During AR, the CD4+ T cells are more likely to
differentiate into Th2 cells that reduce the population of
Th1 cells and result in the imbalance of Th1/Th2 cells. More-
over, the inhibition of Th2 cells was a potential approach for
AR treatment [6]. Therefore, therapeutics targeting Th1 and
Th2 cells are promising approaches for AR treatment.
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Exosomes are believed to play a critical role in the orches-
tration of immune responses. Previous studies have indicated
that cell-derived exosomes could trigger proinflammatory
responses by the transportation of molecules contained in
the exosomes [7, 8]. Additionally, the released exosomes
and microRNAs (miRNAs) are detected in bronchoalveolar
lavage fluids from patients with respiratory diseases, such as
asthma and AR, indicating that exosomes and miRNAs are
involved in AR pathogenesis [9]. A previous study showed
that exosomes derived from the human mesenchymal stem
cell (HMSC) could ameliorate inflammation by delivering
miR-146a-5p that was abundantly expressed in HMSC-
derived exosomes (HMSC-exos) [10].

Serpin family B member 2 (SERPINB2), a member of the
serine protease inhibitor family, is predicted as a potential tar-
get of miR-146a-5p that can stimulate inflammation. More-
over, SERPINB2 was highly expressed in nasal brushings of
AR patients and played a crucial role in Th2-mediated
immune responses [11]. By searching the predicting miRNA
for SERPINB2 using the TargetScan database (http://www
.targetscan.org), SERPINB2 is predicted as a potential target
of miR-146a-5p. However, the regulatory mechanisms of
miR-146a-5p and SERPINB2 in AR remain unclear. Further-
more, their role in the differentiation of Th1 and Th2 cells
remains unclear. Therefore, our study was conducted to
explore the role of the miR-146a-5p/SERPINB2 signaling
pathway in the differentiation of Th1 and Th2 cells, aiming
to provide novel strategies for AR treatment.

2. Materials and Methods

2.1. Sample Collection. The blood specimens of AR patients
and healthy donators were collected from Dahua Hospital,
Shanghai, China, after written informed consent was
obtained from all the subjects (n = 25 for each group). All
blood samples were subpacked in 500μL sodium citrate
(3.2%) tubes, centrifuged, and the plasma snap-frozen in
liquid N2 and stored at -80°C for further analysis. These AR
patients, aged 20–50years, do not have any other chronic
medical conditions or allergic disorders except AR. The
inclusion and exclusion criteria were as per those mentioned
in a previous report [12]. Briefly, the inclusion criteria were
as follows: age 20–50years, daytime fatigue, daytime somno-
lence, nasal congestion, perennial AR with a positive skin test
response for perennial allergen (wheal diameter equal to
3mm or greater), and a negative skin test response for
seasonal allergens. The exclusion criteria included seasonal
allergies, known sleep apnea, obesity, nasal polyps, recent
upper respiratory tract infection, deviated septum, asthma,
and other respiratory diseases. Age-matched healthy individ-
uals without chronic medical conditions or allergic disorders
were selected as controls.

2.2. Cell Culture. The HMSC and 293T cells were obtained
from Shanghai Biology Institute (Shanghai, China). HMSC
was obtained by density centrifugation isolation from bone
marrow, then cultured and expanded. Cells were cultured
in DMEMmedium with 10% fetal bovine serum (FBS, Gibco,
USA) and were maintained in 5% CO2 at 37

°C. Flow cytom-

etry was used to detect biomarkers of HMSC, including
positive biomarkers (CD90 and CD105) and negative bio-
markers (CD34 and CD45).

2.3. Exosomes Isolation. Exosomes were precipitated using
exosome precipitation solution (Exo-Quick; System Biosci-
ence) as per the manufacturer’s instructions with some modi-
fications. HMSC exosomes were collected from approximately
3:2 × 107 cells at early passages (passages 2–3). Once the
HMSC cultures reached 70% confluence, the cells were cul-
tured for 24–48h in α-MEM containing exosome-depleted
FBS or PL. Exosome-depleted FBS and PL were obtained with
overnight centrifugation at 70,000× g at 4°C. Briefly, the
HMSC conditioned medium was centrifuged twice at 500×g
for 10min, twice at 2000× g for 15min, and twice at
10,000× g for 30min. The supernatant was then transferred
to Ultra-Clear tubes and centrifuged at 70,000× g for 1h at
4°C in an SW32Ti rotor (Beckman Coulter Inc., Woerden,
The Netherlands). The exosome-containing pellet was washed
with PBS and centrifuged at 70,000× g for 1h. The pellet was
then carefully suspended in 200μL PBS and used immediately
or stored at −80°C. Exosome protein markers, CD63
(Ab134045, Abcam, UK), CD81 (ab109201, Abcam, UK),
and TSG101 (ab125011, Abcam, UK), were determined using
immune blotting. The morphology of the exosomes was
examined using transmission electron microscopy. The size
analysis of the exosome was provided in supplementary mate-
rial file 1.

2.4. Exosome Uptake Assay. Exosomes were stained with
PKH67 (Sigma) as per previously reported protocols [13].
The exosomes were incubated with PKH67 solution for
4min at room temperature. Then, exosomes were isolated
via centrifugation at 100,000× g for 1 h. When the exosomes
were cocultured with CD4+ T cells, the uptake of exosomes
was detected using confocal microscopy.

2.5. Isolation of CD4+ T Cells. In the present study, the blood
samples from AR patients or normal corresponding donators
were diluted with PBS solution (1 : 1). Peripheral blood
mononuclear cells were obtained via centrifugation on a
lymphocyte separation medium. Then, the cell concentration
of lymphocytes was adjusted to 1 × 106/mL. The human
CD4+ T cells were isolated with CD4+ T cell isolation kits
(130-096-533, Miltenyi Biotec, Germany). All the procedures
were performed as per the manufacturer’s instructions.

2.6. RNA Isolation and qRT-PCR Analysis. Total RNA of
samples was extracted using TRIzol (Invitrogen) as per the
manufacturer’s protocol from different CD4+ T cells from
AR patients. RNA was transcribed into cDNA using a cDNA
synthesis kit (RR047A, Takara). Quantitative real-time PCR
was performed using SYBR green (RR820A, Takara) as per
the three-step amplification procedure. Gene expression
was calculated using the 2−ΔΔCt method. All the data
represent the average of three replicates. The detection of
genes was performed using the following primers: hsa-miR-
146a-5p, F: CGCGTGAG AACTGAATTCCA, R: AGTGCA
GGGTCCGAGGTATT; SERPINB2, F: CGAGGAGAGGA
GAT TGAAAC, R: GGATCTGCTG CATGAAC-; T-bet, F:

2 Journal of Immunology Research

http://www.targetscan.org
http://www.targetscan.org


TTGAGGTGAACGACGGAGAG, R: TGGGTAGGAGA
GGAGAGTAGTG; GATA-3, F: GAGCGAGCAACGCAAT
CTGAC, R: AGGCTGGGAAGCAAAGGTGAG; β-actin, F:
GATGACCCAGATCATGTTTGAG, R: TAATGTCACGC
ACGATTTCC′; U6, F: CTCGCTTCGGCAGCACA, R:
AACGCTTCACGAATTTGCGT.

2.7. Western Blot Analyses. Different CD4+ T cells, as indi-
cated above, were lysed using RIPA lysis buffer with a prote-
ase inhibitor to obtain total proteins (Beyotime, China). The
protein was separated in SDS-PAGE and transferred to a
polyvinylidene fluoride membrane. Thereafter, the primary
antibody was applied at 4°C overnight. The secondary
antibody (Beyotime, Shanghai, China) was applied for 1 h

at 37°C. The protein expression was detected after the applica-
tion of ECL substrate. All the data represent the average of
three replicates. Our study used the following primary anti-
bodies: TSG101 (Ab125011, Abcam), CD63 (Ab59479,
Abcam), CD81 (Ab109201, Abcam), SERPINB2 (Ab269275,
Abcam), T-bet (Ab91109, Abcam), GATA-3 (Ab106625,
Abcam), and β-actin (20536-1-AP, Proteintech).

2.8. Flow Cytometry. The population of Th1 and Th2 cells was
estimated using Th1/Th2/Th17 PhenotypingKit (560758, BD
Biosciences). Total 1 × 105 CD4+ T cells were collected and
stained with PerCP-Cy5.5-labeled anti-IFNγ and APC-anti-
IL-4 for 30min at room temperature. Th1 cells were marked
as CD4+IFN-γ+, whereasTh2 cells were marked as CD4+IL-
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Figure 1: The population of Th2 cells was upregulated in the blood samples of allergic rhinitis (AR) patients. (a) Flow cytometry was used to
examine the distribution of Th1 (CD4+IFN-γ+) or Th2 (CD4+IL-4+) cells in the blood samples of allergic rhinitis patients and corresponding
donors. ∗p < 0:05 vs. control, ∗∗p < 0:01 vs. control. (b) qRT-PCR was used to examine the relative mRNA levels of T-bet (Th1 marker) and
GATA-3 (Th2 marker) in the blood-derived mononuclear cells of allergic rhinitis patients and corresponding donors. ∗∗∗p < 0:001 vs.
control.
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4+. The populations of Th1 and Th2 cells were calculated using
the FACSDiva 7.0 software. All the data represent the average
of three replicates.

2.9. Knockdown and Overexpression of SERPINB2. Cells were
transfected with three siRNAs targeting at SERPINB2
(RiboBio, Guangzhou, China) and a plasmid containing the
coding sequence of human SERPINB2 (Major, Shanghai,
China). Two negative control (NC) plasmids were applied
as the control group of the siRNA and overexpression plas-
mid. Lipofectamine 3000 (Thermo Fisher Scientific) was used
for the transfection. The sequence of SERPINB2 plasmids was
provided as follows: siSERPINB2-1: 5′-CCTTATACAAG
TTACTTAA-3′; siSERPINB2-2: 5′-GGCACAAGCTGCAG
ATAAA-3′; siSERPINB2-3: 5′-GGTCAAGACTCAAACC
AAA-3′; siNC: 5′-CAGUACUUUUGUGUAGUACAA-3′.

2.10. Dual-Luciferase Reporter Gene Assay. Human embry-
onic kidney cells (HEK 293T) are widely used for determin-
ing the dual-luciferase reporter gene assay [14]. Wildtype
and mutant sequences of SERPINB2 were cloned to luciferase
reporter vectors (pGL3-Basic). Then, 293T cells were trans-
fected with vectors and miR-146a-5p inhibitor or mimics.
After 48h, a dual-luciferase reporter gene kit (Beijing Yuan-
pinghao Biotechnology Co., Ltd.) was used to detect and ana-
lyze the luciferase activity. All the data represent the average of
three replicates.

2.11. Statistical Analyses. Statistical analyses were conducted
using GraphPad Prism version 7.0. The experimental data
are presented as mean ± SD for at least three samples. Com-
parison between two groups was performed using the T-test,
whereas comparison among multiple groups was performed
with one-way analysis of variance. A two-sided p value of
<0.05 was considered to indicate statistical significance.

3. Results

3.1. The Population of Th2 Cells Was Elevated in the CD4+ T
Cells of AR Patients. To verify the ratio of Th1 and Th2 cells
in AR, we collected blood specimens from AR patients for

analyses. The CD4+ T cells were isolated from the blood spec-
imens. Flow cytometry showed that the quantity of Th1
(CD4+IFN-γ+) was significantly decreased, whereas that of
Th2 (CD4+IL-4+) was significantly increased in AR patients
as compared with that in healthy donators (p < 0:05)
(Figure 1(a)). Moreover, the expression of T-bet (the marker
of Th1 cells) was significantly decreased, whereas that of
GATA-3 (the marker of Th2 cells) was significantly elevated
in AR patients as compared with that in healthy donators
(p < 0:05) (Figure 1(b)). These results indicated that the
elevation of Th2 might be associated with the development
of AR.

3.2. Exosomes of HMSC Could Be Absorbed by CD4+ T Cells
through Endocytosis in AR. Furthermore, we explored the
interaction between HMSC-exos and CD4+ T cells. The
HMSC-exos were isolated, as described previously. We veri-
fied the isolated HMSC using flow cytometry that revealed
that the positive rate of negative biomarkers (CD34 and
CD45) for HMSC was <1.0%, whereas that of positive
biomarkers (CD90 and CD105) for HMSC was >90%
(Figure S1A). Transmission electron microscopy validated
the morphology of the isolated HMSC-exos (Figure S1B).
Then, the markers of exosomes, including TSG101, CD63,
and CD81, were detected in isolated exosomes that indicated
the successful isolation of HMSC-exos (Figure S1C). When
CD4+ T cells were cocultured with PKG67-labeled HMSC-
exos, we found that CD4+ T cells could absorb HMSC-exos
via endocytosis (Figure 2). These results suggested that
HMSC could interact with CD4+ T cells via the secretion of
exosomes.

3.3. HMSC-Exos Decreased the Expression of SERPINB2 and
Differentiation of Th2 Cells after Coculture with CD4+ T
Cells. To understand the effects of HMSC-exos on CD4+ T
cells, we detected the expression of several genes, including
T-bet and GATA-3 of CD4+ T cells after coculture with
HMSC-exos. GW4869 was added to inhibit the secretion of
exosomes as an NC. The expression of T-bet was significantly
elevated after coculture withGW4869-exos and HMSC-exos,
whereas that of GATA-3 was significantly decreased after

DAPi PKH-67Merge

Control

HMSC-exo

Figure 2: The HMSC-exo was able to uptake by AR CD4+ cells through endocytosis. The PKH67-labeled (green) immature HMSC-exos were
cocultured with CD4+ cells. Then, the AR CD4+ cells were fixed and stained with DAPI (blue). The uptake of HMSC-exos by AR CD4+ cells
was observed under a confocal microscope.
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coculture with HMSC-exos (p < 0:05) (Figures 3(a) and
3(b)). In the meantime, the SERPINB2 expression was
significantly reduced after coculture with HMSC-exos, con-
sistent with that in GATA-3 (p < 0:05). Moreover, flow
cytometry revealed that the population of Th2 cells was
significantly decreased after coculture with HMSC-exos
(p < 0:05) (Figure 3(c)). However, the population of Th2 cells
was not significantly altered when they were cocultured
with GW4869-exos (p < 0:05). These results indicated that
HMSC-exos could reduce the expression of SERPINB2and
differentiation of Th2 cells.

3.4. HMSC-Exos Inhibited the Differentiation of Th2 Cells via
Delivery of miR-146a-5p. Furthermore, we explored the
underlying mechanism of HMSC-exos in the differentiation
of Th1 and Th2 cells. The mimics and inhibitor of miR-

146a-5p were used to induce the upregulation and downregu-
lation of miR-146a-5p in HMSC (p < 0:05) (Figure 4(a)). miR-
146a-5p mimics exosomes (mimic-exo) significantly elevated,
whereas miR-146a-5p inhibitor exosomes (inhibitor-exo)
significantly decreased the expression of miR-146a-5pas com-
pared with the control group (p < 0:05) (Figure 4(b)). More-
over, SERPINB2 was significantly decreased by miR-146a-5p
mimic-exo, whereas inhibitor-exo significantly promoted the
SERPINB2 expression (p < 0:05). Furthermore, we confirmed
the alteration of SERPINB2 induced by mimic-exo using
immunoblots (Figure 4(c)). The expression of T-bet was
markedly decreased after coculture with inhibitor-exo; the
expression of GATA-3 was notably decreased after coculture
with mimic-exo. Additionally, flow cytometry showed that
the population of Th1 cells was significantly reduced by inhib-
itor-exo, whereas that of Th2 cells was significantly reduced by
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Figure 3: The differentiation of AR CD4+ cells into Th2 type was downregulated after co-culture with HMSC-exo. (a, b) qRT-PCR and
western blot analysis were used to examine the relative mRNA and protein levels of SERPINB2, T-bet, and GATA-3 in AR CD4+ after
coculture with GW4869-exo or HMSC-exo. ∗∗p < 0:01 vs. control, ∗∗∗p < 0:001 vs. control. (c) The AR CD4+ cells differentiated into Th2
type cells were deeply suppressed after co-cultured with HMSC-exo. ∗∗∗p < 0:001 vs. Th1.
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Figure 4: HMSC-derived exosome inhibited the AR CD4+ cells differentiated into Th2 type cells through delivering miR-146a-5p. (a) miR-
146a-5p induced silencing and overexpression using corresponding mimic and inhibitor in hMSCs. ∗∗∗p < 0:001 vs. miNC (b). The relative
levels of miR-146a-5p and SERPINB2 in AR CD4+ cells after coculture with NC-exo, inhibitor-exo, and mimic-exo. ∗p < 0:05 vs. control,
∗∗∗p < 0:001 vs. control; !!! ∗p < 0:05 vs. NC-exo. (c) Western blot analysis was used to quantify the protein contents of SERPINB2, T-bet,
and GATA-3 in AR CD4+ cells after co-culture with NC-exo, inhibitor-exo, and mimic-exo. (d) The distribution of Th1 and Th2 cells in
AR CD4+ T cells after co-culture with NC-exo, inhibitor-exo, and mimic-exo. ∗∗∗p < 0:001 vs. control.
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mimic-exo. These results indicated that HMSC-exos could
inhibit the differentiation of Th2 cells by delivering miR-
146a-5p.

3.5. miR-146a-5p Inhibited SERPINB2 by Binding on Its 3′
UTR Region. SERPINB2 was significantly reduced with the
elevated level of miR-146a-5p; therefore, we explored the cor-
relation between miR-146a-5p and SERPINB2. The mimics
and inhibitor of miR-146a-5p were used to induce the upreg-
ulation and downregulation of miR-146a-5p (p < 0:05)
(Figure 5(a)). The expression of SERPINB2 was significantly
elevated with miR-146a-5p inhibitor that was reversed by
miR-146a-5p mimics (p < 0:05) (Figures 5(a) and 5(b)).
The binding region of SERPINB2 and miR-146a-5p was pre-
dicted using online databases (Figure 5(c)). Dual-luciferase
report vectors with wildtype and mutant sequences of 3′
UTR of SERPINB2 were transfected in 293T cells. Results
showed that the fluorescence intensity of the wildtype vector
was significantly affected (p < 0:05), whereas the mutant vec-
tor exhibited no significant change (p > 0:05), indicating that

miR-146a-5p could directly bind to the 3′UTR region of
SERPINB2 (Figure 5(d)). These results suggested that
SERPINB2 was involved in the biological activities of
miR-146a-5p.

3.6. SERPINB2 Promoted the Differentiation of Th2 Cells and
Was Suppressed by HMSC-Exos. Furthermore, we explored
the role of SERPINB2 in the differentiation of Th2 cells. Spe-
cific siRNAs and overexpression plasmids were designed to
inhibit and elevate the SERPINB2 expression that was signif-
icantly inhibited by three siRNAs (p < 0:05) (Figure S2A–B).
Moreover, SERPINB2 knockdown could significantly elevate
the population of Th1 cells and diminish Th2 cells (p < 0:05)
(Figure 6(a)). Moreover, T-bet was notably increased,
and GATA-3 was decreased after SERPINB2 inhibition
(Figure 6(b)). Additionally, the SERPINB2 expression was
significantly increased after transfecting with SERPINB2-
overexpressed plasmid (p < 0:05) (Figure S2C–D). HMSC-
exos significantly reduced the SERPINB2 expression (p < 0:05)
(Figure 7(a)). Additionally, the HMSC-exos markedly reduced
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Figure 5: miR-146a-5p inhibited the transcription of SERPINB2 by binding on its 3′UTR. (a) qRT-PCR was used to examine the relative
levels of miR-146a-5p and SERPINB2 in 293T cells after coculture with miR-146a-5p miNC, mimic, and inhibitor. ∗∗∗p < 0:001 vs. miNC.
(b) The protein level of SERPINB2 was examined in 293T cells after coculture with miR-146a-5p miNC, mimic, and inhibitor. (c) The
wild type and mutant binding site in the 3′UTR of SEEPINB2 for miR-146a-5p. (d) Dual-luciferase report vector was used to determine
the relationship between miR-146a-5p and SERPINB2 in293T cells. ∗∗∗p < 0:001 vs. miNC.
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the GATA-3 expression and increased the T-bet expression in
CD4+ T cells (p < 0:05) (Figure 7(b)). Moreover, the
population of Th1 cells did not change significantly, whereas
that of Th2 cells decreased significantly after coculture with
HMSC-exos (p < 0:05) (Figure 7(c)). These results indicated
that SERPINB2 could promote the differentiation of Th2
cells, which was suppressed by HMSC-exos.

3.7. miR-146a-5p Was Negatively Associated with SERPINB2.
To validate the association between miR-146a-5p and SER-
PINB2 in AR, we detected their expressions in AR patients
and the corresponding donators. miR-146a-5p was signifi-
cantly suppressed, whereas SERPINB2 was highly expressed
in AR patients (p < 0:05) (Figure 8(a)). Moreover, miR-
146a-5p was negatively associated with the SERPINB2
expression (r = −0:81, p < 0:05) (Figure 8(b)). These results
suggested that miR-146a-5p and SERPINB2 were involved
in the same signaling pathway.

4. Discussion

Our study investigated a novel miR-146a-5p/SERPINB2
signaling pathway in AR pathogenesis. The imbalance of
Th1/Th2 cells was associated with AR pathogenesis. Exo-
somes derived from HMSC could inhibit the differentiation
of Th2 cells via the delivery of miR-146a-5p. Moreover,
SERPINB2 could promote the differentiation of Th2 cells
that was suppressed by miR-146a-5p in HMSC-exos. These
findings revealed a novel regulatory mechanism of HMSC-
exos in the differentiation of CD4+ T cells and provided
potential therapeutic targets for AR treatment.

AR is an allergic disease with overreacted immune
responses in the nasal mucosa, wherein the generation of
IgE and the recruitment of immune cells are involved in aller-
gic responses [15]. The excessive activation of Th2 cells and
the induction of eosinophilic-dependent inflammation are
associated with AR symptoms [16]. Th2 cells are capable of
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Figure 6: Knockdown of SERPINB2 inhibited the CD4+ T cells differentiated into Th2 type cells. (a) The differentiation of CD4+ T cells into
Th2 type cells was deeply suppressed after transfection with siSERPINB2-1 or siSERPINB2-2. ∗∗∗p < 0:001 vs. siNC. (b) Western bot analysis
was used to examine the protein levels of SERPINB2, T-bet, and GATA-3 in the CD4+ T cells after transfection with siSERPINB2-1 or
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releasing cytokines, including IL-4, IL-10, and IL-13, to
stimulate the activities of different immune cells. IL-4 can
stimulate the production of IgE antibodies by B cells that sub-
sequently activates mast cells to produce histamine [17]. A
previous study showed that these cytokines were elevated in
the serum of AR patients [18]. In our study, the population
of Th2 cells was significantly elevated in AR patients as com-
pared with that in healthy donors. Thus, the elevation of Th2
cells was associated with AR pathogenesis.

Exosomes are crucial regulators of intercellular commu-
nications. The contents of the exosomes are believed to play
key roles in allergic diseases. Exosomes derived from bron-
chial epithelial cells can stimulate chemotaxis and monocyte
proliferation [19]. Additionally, macrophages can release
exosomes to stimulate the inflammatory responses in
response to intracellular pathogens [20]. Mast cells are criti-
cal for Th2- and IgE-mediated immune responses and can
secrete histamine to stimulate inflammation [21]. A previous
study has demonstrated that exosomes derived from mast
cells could stimulate the secretion of inflammatory cytokines
and induce airway inflammation and allergic symptoms [22].
Our study showed that HMSC-exos could be absorbed by
CD4+ T cells and diminishes the Th2 cell population, indicat-
ing that HMSC-exos might be associated with the differenti-
ation of CD4+ T cells during AR pathogenesis.

miR-146a-5p was first reported by Taganovet et al. in
2006 and was associated with the NF-κB pathway [23].
TRAF6 and IRAK1 were predicted as potential targets of
miR-146a-5p, and their expressions were suppressed by
miR-146a-5p. Moreover, miR-146a-5p in the HMSC-exos
could significantly inhibit the infiltration of immune cells,
reduce the levels of Th2-related cytokines, and alleviate
overreacted responses of the airway in a mouse asthma
model [10]. Consequently, miR-146a-5p was considered to
negatively regulate the immune responses. In our study,
miR-146a-5p in the HMSC-exos was demonstrated to
decrease the population of Th2 cells, consistent with previous
hypotheses. Moreover, SERPINB2 was predicted as a poten-
tial target of miR-146a-5p. SERPINB2 is highly expressed
during inflammation, infection, and tissue damage, indicat-
ing its immune features [24, 25]. A previous study revealed
that SERPINB2 and miR-146a-5p are highly expressed in pso-
riatic skin and SERPINB2 was suppressed by miR-146a-5p
[26]. Our study revealed that SERPINB2 inhibition could
reduce the differentiation of Th2 cells, whereas its overexpres-
sion exhibited reversed effects.Moreover, the regulation by SER-
PINB2 could be reversed after coculture with HMSC-exos.
These results indicated that HMSC-exos could inhibit Th2 cell
differentiation via the miR-146a-5p/SERPINB2 pathway.

There are certain limitations of this study. Our results were
mainly obtained from in vitro experiments. The construction
of an ARmouse model will further help us investigate the bio-
logical activities of HMSC-exos in AR. However, our study still
provides a novel molecular mechanism for AR pathogenesis.

5. Conclusions

In sum, our study showed that HMSC-exos could inhibit the
differentiation of Th2 cells via the regulation of the miR-

146a-5p/SERPINB2 pathway. miR-146a-5p and SERPINB2
could be applied as potential targets for AR treatment.
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