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Editorial on the Research Topic

Immune Landscape of Kidney Pathology

INTRODUCTION

Kidney disease is an emerging cause of morbidity and mortality. More than 6 million patients
worldwide receive renal replacement therapy. The global prevalence of chronic kidney disease
(CKD) is between 11.7 and 15.1% of the adult population. Nevertheless, we still lack effective
treatments to stop the progression of CKD, which makes it an urgent area with unmet clinical need.
CKD is defined as abnormal kidney structure and/or function caused by primary and secondary
glomerular diseases (including diabetes, hypertension, autoimmune diseases, etc.). Renal fibrosis is
a common feature of CKD and is widely regarded as the main driver of the progression to end-stage
renal disease. However, the underlying mechanisms of the renal fibrotic response are complex and
still poorly understood. Emerging research shows that unresolved inflammationmay be a necessary
condition to promote the transition from acute kidney injury to chronic renal fibrosis.

Various white blood cell populations are recruited into injured kidneys and play important
roles in pathogen clearance and tissue repair. However, if this inflammatory response does not
subside, it will instead promote progressive fibrosis of the damaged kidney. Interestingly, a large
number of studies have shown that infiltrating leukocytes, including macrophages, dendritic cells,
natural killer cells, and T and B cells, actively promote the transition from renal inflammation
to fibrosis (Tang et al., 2020a). In addition, changes in the microenvironment in different kidney
compartments also play a key role in the immune response and disease pathogenesis. A better
understanding of the immune process in the development of CKD may reveal direct and indirect
immunomodulation methods as new therapeutic strategies to prevent the progression of different
forms of kidney disease.

Therefore, we initiated this research project co-sponsored by Frontiers in Physiology and
Frontiers in Medicine, aiming to bring together research from multiple disciplines, with special
attention to immunology, renal physiology and pathology. We invited researchers to share their
latest insights into how host immunity and its effectors reshape the kidney microenvironment to
achieve the physiological and/or pathogenic effects of diseased kidneys.
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FIGURE 1 | Occurrence of MMT (yellow) in a human kidney with chronic

allograft dysfunction, indicating by the presence of macrophage (CD68, red)

expressing myofibroblast marker (alpha-SMA, green).

We are very pleased that this Research Topic has been
welcomed by basic researchers and clinical scientists from all over
the world. A total of 22 high-quality papers have been published,
including nine original studies, six reviews, four mini-reviews,
one case report and a brief research report. These papers are
written by 159 authors from around the world, providing cross-
sectional and multi-disciplinary approaches in the latest kidney
disease research. Broadly speaking, these papers focus on five core
topics: (i) immunodynamics; (ii) pathogenic mechanisms; (iii)
advanced research technology; (iv) therapeutic development; and
(v) social impact on patients with kidney disease. The following
is a brief overview of each study.

Immunodynamics
The kidney is one of the main organs for detoxification in
our body. Its failure is an important cause of patient death. In
addition, kidney disease is a major contributor to patient death
in a wide range of diseases such as diabetes, cancer, bacterial
and viral infections (including COVID-19; Tang et al., 2021a;
Wang et al., 2021); leading to more than 6 million deaths
worldwide each year. Thus, developing a better understanding,
and treatment of, kidney disease is critical. Renal fibrosis is a
key pathological mechanism in the loss of normal structure and
function of the kidney, resulting in progressive kidney damage.
Encouragingly, scientists have begun to realize that the over-
activation of the immune system is an essential component in
this process, and this feature is summarized by Tang et al. in this
Research Topic.

Macrophages are a type of immune cell that maintains the
health of our kidneys (Tang et al., 2019). They are responsible
for detecting, engulfing, and destroying pathogens and unhealthy
cells as discussed by Cantero-Navarro et al. Paradoxically, new

research finds that macrophages can also accelerate kidney failure
as highlighted by a systematic review from Wang et al. A better
understanding of the underlying mechanisms can isolate the
adverse effects of macrophages from their protective effects.
For example, a new phenomenon “macrophage-myofibroblast
transition (MMT)” has been identified as a pathway promoting
the tissue scarring (Figure 1), and dissecting this MMT pathway
may identify novel druggable therapeutic targets for kidney
fibrosis (Tang et al., 2018a, 2020b).

Changes in the immune landscape are essential components
in both disease pathogenesis and tissue repair in states of
inflammation, but much remains to be done to fully describe
such changes in kidney diseases. Vonbrunn et al. investigated
the potential significance of glomerular immune reactivity
for allograft survival by analyzing the immune profile of
time zero kidney specimens and how this impact clinical
outcomes. Albino et al. elucidated how innate immunity
contributes to the transition of acute kidney injury to renal
fibrosis in a gentamicin-induced renal inflammation model.
Furthermore, Rodriguez-Carrio et al. found changes in several
novel T cell and monocyte subsets during the progression of
chronic kidney disease which were significantly associated with
vascular outcomes.

Pathogenic Mechanisms
Unresolved renal inflammation can drive the progression of
renal fibrosis, leading to end-stage renal disease. Understanding
the mechanisms underlying this unrelenting renal fibrosis is
critical for the development of new therapies to halt disease
progression. Shao et al. described how a variety of key signaling
molecules (e.g., TGF-β1, NF-κB, MAPK, NLRPs, etc.) and
epigenetic changes (e.g., DNAmethylation, histone modification,
and expression of non-coding RNA) contributes to renal
inflammation in the pathogenesis of diabetic kidney disease
(Tang et al., 2018b; Chung et al., 2021).

Acute kidney injury (AKI) can lead to progressive kidney
disease. A number of novel long non-coding RNAs have been
identified that contribute to both the development of AKI and
in the progression of CKD (Sun et al., 2018; Zhang et al.,
2019). Yang et al. revealed that JNK signaling causes aristolochic
acid-induced renal tubular cell damage. Zhang et al. identified
that lncRNA LRNA9884 enhances the release of inflammatory
cytokines through the NF-κB pathway after cisplatin-induced
AKI and promotes renal inflammation by binding to the Ccl2
promotor in the db/db mouse model of type-2 diabetes (Zhang
et al., 2019).

In C3 glomerulonephritis, the D288G mutation in the gene
encoding complement factor I was shown to contribute to C3
deposition in mesangial cells (Song et al.). In renal vasculitis,
Tan et al. found that systemic glomerulosclerosis and segmental
sclerosis are prognostic and therapeutic markers of IgA vasculitis
with nephritis. In addition, new signaling pathways have been
identified which act in a cell-type and disease-specific manner
in experimental models and kidney patients to promote the
progression of kidney disease (Tang et al., 2021a). This basic
research work provides examples of how understanding the
pathogenesis of kidney disease at the molecular level has the
potential to develop precision medicine for kidney disease.
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Advanced Research Technology
Understanding the highly dynamic nature of the renal
microenvironment during disease development and progression
is a major challenge. Encouragingly, there are a number of
hallmark analytic technologies have been developed in the last
decade, which significantly facilitate and accelerate research into
kidney disease in a multidisciplinary manner (Park et al., 2018).

Clusters of regularly spaced short palindromic repeats
(CRISPR)—CRISPR-associated protein 9 (Cas9) is an RNA-
guided DNA nuclease that has been used to develop simple
and efficient techniques to precisely engineer the genome. The
CRIPSR-Cas9 system has been widely used to simultaneously
delete multiple genes, create conditional alleles, and generate
reporter proteins in vitro as well as in vivo (Higashijima et al.,
2017). By using the latest genome editing platformCRISPR/Cas9,
Song et al. effectively characterize the mutations of complement
factors in a mouse model with C3 glomerulopathy.

Single-cell RNA-sequencing is a breakthrough in biological
research for elucidating changes at the single cell level
and understanding cell-cell interactions in the complex
microenvironment of both physiological conditions and
disease development. It is particularly suited to dissect the
immunodynamics of kidney disease. In this Research Topic,
Zeng et al. systematically summarized the development
and application of single-cell RNA-sequencing in kidney
immunology. Interestingly, recent work has revealed an
unexpected role of macrophage-myofibroblast transition, first
identified in kidney fibrosis, in promoting tumor development
through tumor-associated macrophage transitioning into cancer-
associated fibroblasts in non-small-cell lung carcinoma (Tang
et al., 2021b), suggesting an important contribution of tissue
fibrotic pathways in cancer. Therefore, we also opened a new
platform in Frontiers for sharing the new insights into fibrotic
signaling in cancer (https://www.frontiersin.org/research-topics/
22920/new-insights-into-fibrotic-signaling-in-cancer).

Therapeutic Development
Several papers in this Research Topic describe therapeutic
strategies to inhibit inflammation and immune cell function
in kidney disease. Protein kinases are a large family of
enzymes that regulate many intracellular signaling processes.
For example, spleen tyrosine kinase (SYK) is required for
signaling via cell surface receptors involved in inflammation,
including immunoglobulin receptors. SYK signaling occurs in
inflammatory forms of human kidney diseases, and genetic
or drug-based SYK inhibition is protective in animal models
of crescentic glomerulonephritis and antibody-mediated kidney
allograft rejection (Ryan et al., 2016; Ramessur Chandran
et al., 2017). Yiu et al. show that SYK is activated in tubular
epithelial cells in patients with IgA nephropathy, and that
polymeric IgA from patients with IgA nephropathy (but not from
healthy controls) activates an inflammatory response in cultured
tubular epithelial cells via SYK—identifying a SYK-dependent
mechanism of tubulointerstitial inflammation.

The JUN amino-terminal kinase (JNK) is a widely expressed
enzyme that is highly sensitive to activation by oxidative stress
and DNA damage. Activated JNK can phosphorylate protein

targets to promote cell necrosis, inflammation and fibrosis
(Grynberg et al., 2017). Yang et al. show that the nephrotoxin
aristolochic acid—the cause of Chinese herb nephropathy and
Balkan nephropathy—induces DNA damage and prominent JNK
activation in tubular epithelial cells in mice. Treatment with
a JNK inhibitor provided significant protection against tubular
necrosis, macrophage infiltration, inflammation and acute renal
failure in response to acute high dose AA administration. This
further supports therapeutic targeting of JNK to prevent acute
kidney injury.

While small molecule drugs are the backbone of current
therapies for kidney disease, stem cells and extracellular vesicles
are being developed as new potential treatments. Human
amniotic epithelial cells (hAEC) are an attractive therapy due to
their immunosuppressive capacity, their lack of immunogenicity
and their ready availability—being isolated from the human
placenta after birth (Al Mushafi et al.). Their immunosuppressive
capacity is attributed to secretion of IL-10, TGF-β1, PGE2
and exosomes, while hAEC also act to increase numbers
of Tregs and Th2T cells. Treatment with hAEC suppressed
autoantibody production and reduced levels of IL-17 and
IFN-g in a mouse model of lupus nephritis (Tan et al.,
2018).

Exosomes are a class of small extracellular vesicles excreted
by most cell types (Shen et al.). Exosomes carry a cargo
of RNA and proteins which, upon uptake into recipient
cells, can modulate cell function. Treatment with specific
exosome populations can suppress immune-mediated acute
and chronic kidney disease models (Eirin and Lerman,
2021). In addition, since the contents of exosomes reflects
the cell type of origin, exosomes are being investigated as
novel biomarkers in human kidney disease. Furthermore, by
manipulating the receptors in the exosome membrane, it is
possible to target exosomes to specific cell types—opening up
the potential for cell-directed delivery of exosomes carrying
biological molecules or drugs to modify disease progression
(Shen et al.).

Social Impact
Since the first case in 2019, the COVID-19 pandemic remains
an unresolved global issue (Worobey, 2021), among which acute
kidney injury is one of the complications of patients infected
with the virus (Huang et al., 2020). In fact, social issues not only
cause physical harm to humans, but may also affect patients with
chronic diseases psychologically.

In this Research Topic, Chan et al. studied the impact of
the COVID-19 pandemic on the mental health of patients,
revealing a significant impact on the quality of life of patients
with chronic kidney diseases receiving dialysis. In addition,
Nie et al. conducted a multicentre retrospective cohort study
which identified the necessity of kidney biopsy collection
for an accurate diagnosis of patients with monoclonal
gammopathy. Another retrospective study conducted by
Hakroush et al. emphasized the need for histopathological
findings in order to make better treatment decisions for
critically ill patients who have already exhibited worsening
renal function.
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SUMMARY

In summary, these papers outline research on the importance of
the immune landscape in kidney disease, showing the clinical
significance and translational potential of the Research Topic,
and providing insights into many exciting research avenues. Our
understanding of kidney disease is the immune landscape in
kidney pathogenesis continues to grow.
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Background: This study was aimed at investigating the clinical significance and

curative effect of global glomerulosclerosis (GS) and segmental glomerulosclerosis (S) in

adult-onset IgA vasculitis with nephritis (IgAV-N) patients since there was no consensus

pathological grading method for adult IgAV-N.

Methods: A total of 188 biopsy-proven IgAV-N patients were prospectively

identified. Patients were separately assigned to GS0/GS1/GS2 group and S0/S1/S2

based on the scores of global glomerulosclerosis and segmental glomerulosclerosis

(0% /0–15% />15%, respectively).

Results: GS0, GS1, and GS2 occurred in 56.4, 29.2, and 14.4% of the adult-onset

IgAV-N, respectively. Patients in GS2 group tended to have the most serious renal

deterioration and the highest levels of blood pressure. IgAV-N patients were also divided

into S0 group (64.4%), S1 group (20.7%), and S2 group (14.9%), where no obvious

differences in baseline data were noted. K–M curves indicated that GS2 group had the

worst renal outcome (P = 0.05) while there seemed to be no significant differences

between GS0 group and GS1 group. In addition, no remarkable differences in primary

outcome were found among S0 group, S1 group, and S2 group though the prognosis

of S2 group tended to be the worst. However, the prognosis of S0/S1 group was

markedly better than that of S2 (P = 0.04). The discrimination of poor prognosis could

be improved by adding the pathological indicators of global glomerulosclerosis and

segmental glomerulosclerosis. Most importantly, immunosuppressive treatment might

be a superior alternative in IgAV-N patients without sclerosis scores or with lower level of

sclerosis scores. But addition of immunosuppression was not recommended in patients

with higher sclerosis scores.

Conclusions: Global glomerulosclerosis and segmental sclerosis might be used for

management and treatment of adult-onset IgAV-N.

Keywords: IgA vasculitis with nephritis, global glomerulosclerosis, segmental glomerulosclerosis, treatment,

prognosis
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INTRODUCTION

IgA vasculitis (IgAV), also named Henoch-Schönlein purpura, is
a common form of systemic vasculitis that can cause abdominal
pain, gastrointestinal bleeding, aching joints and renal damage.
IgAV is a self-limited systemic disorder. But it can cause chronic
kidney disease (CKD) when it affects the kidneys, which we name
IgA vasculitis with nephritis (IgAV-N). Renal deterioration is the
most serious complication of IgAV and is also a determinant
factor of adverse prognosis (1). It has been acknowledged that
proteinuria and hematuria cannot always reflect the renal damage
accurately. Renal biopsy has high value for clinical decision-
making and prognosis. Since IgAV-N was more common in
children, few researches have investigated which pathological
classification is suitable for adult-onset IgAV-N (2, 3). Therefore,
a pathological classification for adult-onset IgAV-N that can be
applied to predicting prognosis and guiding treatment, needs to
be produced.

The guidelines published by the Kidney Disease: Improving
Global Outcomes (KDIGO) indicated that angiotensin-
converting-enzyme inhibitor (ACEI)/angiotensin receptor
blockers (ARB) and corticosteroids were recommended for
IgAV-N patients based on the clinical manifestations instead
of pathological indicators, and the combination therapy
of immunosuppressants and steroids is under debate (4–
6). Emerging studies have demonstrated that the usage of
immunosuppressants is significantly correlated to clinical
remission of IgAV-N (7, 8). However, it is not clear exactly
what kind of IgAV-N patients will benefit the most from the
immunosuppressive therapy.

As a chronic progressive kidney disease, IgAV-N can result in
end-stage renal disease (ESRD), in which chronic impairments
such as chronic fibrosis and sclerosis are common. Theoretically,
the appearance of global glomerulosclerosis and segmental
sclerosis in kidney, which are typical chronic kidney injury, may
predict a poor prognosis (9). However, few studies have proved
it in the adult-onset IgAV-N. At the same time, few articles
have proposed a targeted treatment option for the pathological
types of IgAV-N. Hence, this study aims to elucidate the clinical
significance of global glomerulosclerosis and segmental sclerosis
on renal outcomes in adult patients with IgAV-N and to prescribe
a course of treatment based on degree of renal sclerosis.

METHODS AND METHODS

Subjects
We prospectively recruited 209 IgAV-N patients from October
2010 to June 2017 in West China Hospital, Sichuan University.
A definitive diagnosis of IgAV-N was based on typical clinical
manifestations and renal biopsies, according to the American
College of Rheumatology (ACR) guidelines (10). The age of all
individuals enrolled had to be more than 14 years old at the
first onset of IgAV-N. The exclusion criteria included insufficient
clinicopathological data for pathological classification (with <

8 glomeruli in the renal biopsy sample) and/or other systemic
diseases like diabetes, hepatitis, systemic lupus erythematosus
(SLE), HIV infection and so on. All the participants were

followed up regularly by reexaminations in our hospital for
at least 6 months unless they reached the endpoint. Finally,
188 adult-onset IgAV-N patients were analyzed in the study.
This was an observational study that was approved by the
Ethics Committee of West China Hospital of Sichuan University.
Participants kept informed by face-to-face interviews and written
informed consent were obtained.

Clinical Parameters and Treatments
The clinical indicators we recorded included symptoms and
signs (edema, joint pain, abdominal pain and bloody stool),
systolic blood pressure, diastolic blood pressure, proteinuria,
urine red blood cell, serum albumin, serum creatinine,
and estimated glomerular filtration rate (eGFR). Nephrotic
syndrome was defined as massive proteinuria (>3.5 g/24 h) and
hypoproteinemia (≤30 g/L). Hypertension was diagnosed as the
resting blood pressure≥140/90 mmHg.

The options of treatment modalities were determined by both
the attending doctors and the patients, which was not interfered
by the researchers since this was an observational study.
Three commonly used treatments included supportive medical
care with full dose angiotensin-converting-enzyme inhibitor
(ACEI) or angiotensin receptor blockers (ARB), steroid therapy
(0.5–1 mg/kg daily and tapered down within 6–8 months)
with optimal dose of ACEI/ARB, and immunosuppressants
(mycophenolate mofetil, cyclophosphamide, or azathioprine)
combined with corticosteroids.

Pathology Data and Groups
The pathological evaluation of this experiment was completely
blind. If the patients with IgA vasculitis (purpura with or without
abdominal pain, gastrointestinal bleeding, or aching joints) were
manifested with hematuria, proteinuria and/or renal failure, the
renal biopsy was performed by the supervising physicians. The
renal biopsies were evaluated by a professional pathologist and
an experienced clinician in our medical centers. All researchers
did not participate in this pathological evaluation.

The pathological classification including mesangial
proliferation (M0/M1, absent/present), endocapillary
proliferation (E0/E1, absent/present), segmental
glomerulosclerosis (S), tubular atrophy or interstitial fibrosis
(T0/T1, absent/present), and crescent injury (C0/C1, absent/
present) was primarily based on the updatedOxford classification
(3). Global glomerulosclerosis (GS) was also considered in the
study and was defined as glomerular impairment with more
than 50% of any one glomerulus manifested as scarring
lesion or hyaline deposition (9). The definition of segmental
glomerulosclerosis was sclerosis or adhesion in part but not the
entire glomerulus, where capillary lumina were obliterated by
matrix (11).

Previous studies have proved that IgA nephropathy (IgAN)
patients with glomerulosclerosis > 25% of glomeruli have quite
a bad prognosis (9). If it was grouped by 25% in our cohort,
the distribution of patients was severely unbalanced, which
was not suitable for reasonable statistical analysis. In order to
increase the predictive sensitivity of this indicator, we grouped
patients of different pathological types based on sample size
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and clinical experience, which was not exactly the same as
Oxford classification. Segmental glomerulosclerosis was scored
by percentages (S0/S1/S2, no segmental glomerulosclerosis/>0%
of glomeruli but≤15% of glomeruli/>15% of glomeruli). Patients
with or without global glomerulosclerosis were divided into three
groups (GS0/GS1/GS2, 0%/0–15%/>15% of glomeruli).

Clinical Outcomes and Remission
The primary outcome consisted of end-stage renal disease
(ESRD) defined as e-GFR <15 mL/min per 1.73 m2 or receiving
maintenance renal replacement treatment, a 60% decline in
the e-GFR and/or death. The secondary outcomes included
complete remission (24 h-proteinuria ≤0.3 g, with no hematuria
or impaired renal function); partial remission (24 h-proteinuria
≤1 g, with or without recurrent hematuria, or proteinuria decline
> 50%); and no response (24 h-proteinuria>1.0 g or the decrease
level of eGFR >10%).

Statistical Analysis
Numbers with frequencies were used in statistical descriptions
of nominal and grade variables while continuous variables were
presented as mean ± standard deviation (homoscedastic) or
median with interquartile ranges (heteroscedastic). Student’s
t-test, Wilcoxon test, ANOVA, or non-parametric Mann–
Whitney U-test were selectively used to analyze continuous
variables according to groups and data distribution. Pearson’s
chi-squared test or Fisher’s exact test was adopted for
categorical variables. Pearson correlation analysis or Spearman
correlation analysis was used to explore the relationship among
pathological indicators. Kaplan-Meier estimates was constructed
to compute the proportions of endpoint in different groups and
multivariate Cox regression analysis was established to identify
the unfavorable factors for long-term renal outcome of IgAV-N,
where hazard ratios (HRs), and confidence intervals (CIs) were
used. Receiver operating characteristic (ROC) with area under
curves (AUC) were inducted to measure the prediction accuracy.
All tests were two-tailed and it was considered to be significant as
the p < 0.05.

RESULTS

Demographic and Clinical Characteristics
A total of 209 adult-onset IgAV-N patients diagnosed by clinical
signs and renal biopsy were included in this study. Of them,
18 patients were excluded because of missing or the presence
of other systemic diseases and 3 were excluded because of
inadequate pathological biopsy specimens as < 8 glomeruli in
the renal biopsy sample. Accordingly, the study cohort finally
consisted of 188 patients. The mean age was 30.9 ± 15.2 years at
the time of biopsy. The follow-up time was 27.06± 20.09 months
on average. Patients were further categorized into different
groups according to glomerulosclerosis.

Grouped by global glomerulosclerosis, GS0, GS1, and
GS2 occurred in 56.4, 29.2, and 14.4% of the adult-onset
IgAV-N, respectively (Table 1). It was noted that global
glomerulosclerosis scores increased with age (P < 0.01).
The extrarenal symptoms, especially joint and abdominal

involvement, were more prevailing in patients without global
glomerulosclerosis (P < 0.01). Patients with higher rates of
global glomerulosclerosis tended to have more serious renal
deterioration and higher levels of blood pressure. Given that
the differences in clinicopathological characteristics between
GS0 and GS1 were relatively small, we considered GS0 and
GS1 as a group GS0/GS1. Patients with lower scores of global
glomerulosclerosis (GS0/GS1 group) seemed to have a milder
illness with significantly higher level of eGFR, and lower levels
of serum creatinine and blood pressure (both SBP and DBP).

IgAV-N patients were also divided into S0 group (64.4%), S1
group (20.7%) and S2 group (14.9%), based on the scores of
segmental glomerulosclerosis (Table 2). No evident differences
were observed in clinical manifestations and laboratory indexes
except that patients without segmental glomerulosclerosis were
more likely to suffer from gastrointestinal symptoms (P = 0.06).
Similarly, S0 group and S1 group were treated as the same group
(S0/S1). A relatively higher level of serum creatinine was found
in patients in S2 group, compared with S0/S1 group (P = 0.06),
while no other differences in baseline data were noted.

Pathological Findings
As shown in Table 1, the proportion of endocapillary
proliferation were much lower in GS2 group (P= 0.03), whereas
the proportion of tubular atrophy or interstitial fibrosis were
extremely higher (P < 0.01), compared with GS0 group and GS1
group. Table 2 reveals the pathological findings of patients with
different scores of segmental glomerulosclerosis and indicates
that patients in S0/S1 group had higher rates of endocapillary
proliferation (P = 0.05). Therefore, we speculated that there was
a certain correlation between pathological impairments.

Then a Spearman correlation analysis was conducted
(Table 3). It could be easily found that mesangial proliferation
was positively related to segmental glomerulosclerosis and
tubular atrophy/interstitial fibrosis (r = 0.16, P = 0.03).
Endocapillary proliferation was inversely correlated to tubular
atrophy/interstitial fibrosis and global glomerulosclerosis (r
= –0.17, P = 0.02; r = –0.17, P = 0.01, respectively)
while had a positive correlation with crescents (r = 0.22,
P < 0.01). Most remarkably, global glomerulosclerosis and
tubular atrophy/interstitial fibrosis had a strong correlation
(r= 0.48, P= 0.01).

Renal Survival
A total of 13 patients finally reached the endpoint during
their follow-up period and 9 of them progressed to ESRD.
Figure 1 shows the renal survival based on classification of global
glomerulosclerosis. It was worth noting that since no patients
were followed for more than 50 months in GS2 group, the
survival curve dropped sharply at 50 months. It was indicated
that GS2 group had the worst renal outcome (Figure 1A, P
= 0.05) while there seemed to be no significant differences
between GS0 group and GS1 group. So, we merged the two
groups and found that the renal survival of GS0/GS1 group
was much better than that of GS2 group (Figure 1B, P = 0.01),
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TABLE 1 | Clinicopathological manifestations of IgAV-N patients at baseline, grouped by the percentage of global glomerulosclerosis.

Global glomerulosclerosis Global glomerulosclerosis

Variables GS0 GS1 GS2 P GS0/GS1 GS2 P

Numbers (%) 106 (56.4) 55 (29.2) 27 (14.4) – 161 (85.6) 27 (14.4) –

Male (%) 54 (50.9) 24 (43.6) 9 (33.3) 0.23 78 (48.3) 9 (33.3) 0.21

Age (years) 19.0 (16.0–38.3) 37.0 (21.0–50.0) 43.0 (22.0–55.0) <0.01 29.5 ± 14.6 39.3 ± 16.8 <0.01

Interval from disease onset

to biopsy (months)

1.0 (0.7–5.0) 2.0 (0.68–7.0) 4.5 (1.0–12.0) 0.13 2.0 (0.7–6.0) 4.5 (1.0–12.0) 0.06

Clinical symptoms

Skin purpura (%) 96 (90.6) 54 (98.2) 23 (85.2) 0.09 150 (93.2) 23 (85.2) 0.24

Edema (%) 35 (33.0) 24 (43.6) 13 (48.1) 0.22 59 (36.6) 13 (48.1) 0.29

Abdominal pain (%) 38 (35.8) 10 (18.2) 5 (18.5) 0.03 48 (29.8) 5 (18.5) 0.26

Bloody stools (%) 17 (16.0) 7 (12.7) 0 (0) 0.05 24 (14.6) 0 (0) 0.03

Joint pain (%) 27 (25.5) 10 (18.2) 1 (3.7) 0.03 37 (23.0) 1 (3.7) 0.02

SBP (mmHg) 120.0 (110.0–128.3) 123.0 (113.0–135.0) 131.0 (115.0–155.0) <0.01 120.0 (112.0–130.0) 131.0 (115.0–155.0) <0.01

DBP (mmHg) 78.0 (70.8–85.0) 80.0 (71.0–86.0) 82.0 (75.0–95.0) 0.07 78.5 ± 11.7 84.1 ± 12.6 0.02

Laboratory index

Proteinuria (g/24 h) 3.11 ± 3.05 3.03 ± 3.37 3.14 ± 2.61 0.98 3.08 ± 3.15 3.14 ± 2.61 0.93

Alb (g/L) 34.50 ± 8.34 36.35 ± 7.99 35.28 ± 7.39 0.39 35.13 ± 8.25 35.28 ± 7.39 0.93

sCr (umol/L) 64.45 (52.80–84.15) 71.00 (59.00–86.60) 88.00 (66.00–139.00) <0.01 68.00 (56.80–84.95) 88.00 (66.00–139.00) 0.02

eGFR (ml/min/1.73 m2) 124.70

(94.35–134.78)

105.40

(87.30–116.80)

71.50 (50.90–110.00) <0.01 109.05 ± 30.82 78.05 ± 38.21 <0.01

u–RBC (/HP) 184 ± 435 173 ± 427 180 ± 440 0.99 180 ± 431 180 ± 440 0.98

Pathological features

M (%) 87 (82.1) 48 (87.3) 25 (92.6) 0.34 135 (83.9) 25 (92.6) 0.27

E (%) 24 (22.6) 7 (12.7) 1 (3.7) 0.03 31 (19.3) 1 (3.7) 0.05

S (%) 36 (34.0) 22 (40.0) 10 (37.0) 0.76 58 (36.0) 10 (37.0) 1.00

T (%) 22 (20.8) 31 (56.4) 23 (85.2) <0.01 53 (32.9) 23 (85.2) <0.01

C (%) 46 (43.4) 17 (30.9) 10 (37.0) 0.30 63 (39.1) 10 (37.0) 1.00

0 59 (55.7) 38 (69.1) 17 (63.0) 97 (60.3) 17 (63.0)

0–25% 30 (28.3) 13 (23.6) 6 (22.2) 43 (26.7) 6 (22.2)

>25% 17 (16.0) 4 (7.3) 4 (14.8) 21 (13.0) 4 (14.8)

Treatment 0.02 <0.01

ACEI/ARB 6 (5.7) 4 (7.3) 7 (25.9) 0.01 10 (6.2) 7 (25.9) <0.01

Steroids 39 (36.8) 25 (45.5) 11 (40.7) 0.57 64 (39.8) 11 (40.7) 0.54

Immunosuppressor 61 (57.5) 26 (47.3) 9 (33.3) 0.06 87 (54.0) 9 (33.3) 0.06

IgAV-N, IgA vasculitis with nephritis; SBP, systolic blood pressure; DBP, diastolic blood pressure; ALB, albumin; sCr, serum creatinine; eGFR, estimated glomerular filtration rate; u-RBC,

the count of uric red blood cell; M, mesangial proliferation; E, endocapillary proliferation; S, segmental glomerulosclerosis; C, crescents; T, tubular atrophy/interstitial fibrosis; GS, global

glomerulosclerosis; ACEI, angiotensin-converting-enzyme inhibitor; ARB, angiotensin receptor blockers. The bold values mean statistically significant difference.

indicating the higher the global glomerulosclerosis scores, the
worse the prognosis.

The K-M survival analyses of IgAV-N divided by
segmental glomerulosclerosis levels is also presented in
Figure 1. In general, there were no significant differences
in primary outcome among S0 group, S1 group, and
S2 group though the prognosis of S2 group tended to
be the worst (P = 0.25). However, the renal outcome
of S0/S1 group was remarkably better than that of S2

(P = 0.04), suggesting that patients with segmental

glomerulosclerosis more than 15% could predict the
poor prognosis.

Effects of S and GS on Discrimination of
Prognosis
A multivariate COX regression model adjusted for Oxford
classification, nephrotic syndrome, and treatment was carried
out to evaluate the effects of global glomerulosclerosis
and segmental glomerulosclerosis on prognosis. Notably,
global glomerulosclerosis and segmental glomerulosclerosis
could serve as independent predict markers adjusted for
pathological indicators and partial clinical manifestations
(HR 3.86, 95% CI 1.00–15.01, P = 0.05; HR 7.55,
95% CI 1.66–34.41, P = 0.01, respectively, Table 4).
Moreover, other indicators of Oxford classification such as
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TABLE 2 | Clinicopathological manifestations of IgAV-N patients at baseline, grouped by the percentage of segmental glomerulosclerosis.

Segmental glomerulosclerosis Segmental glomerulosclerosis

Variables S0 S1 S2 P S0/S1 S2 P

Numbers (%) 121 (64.4) 39 (20.7) 28 (14.9) – 160 (85.1) 28 (14.9) –

Male (%) 56 (46.3) 15 (38.5) 16 (57.1) 0.33 71 (44.4) 16 (57.1) 0.23

Age (years) 31.2 ± 15.4 31.5 ± 15.6 28.5 ± 14.3 0.67 31.3 ± 15.4 28.5 ± 14.3 0.37

Interval from disease onset

to biopsy (months)

7.4 ± 15.9 4.3 ± 5.2 5.9 ± 7.8 0.46 6.7 ± 14.1 5.9 ± 7.8 0.78

Clinical symptoms

Skin purpura (%) 113 (93.4) 34 (87.2) 26 (92.9) 0.48 147 (91.9) 26 (92.9) 1.00

Edema (%) 50 (41.3) 14 (35.9) 8 (28.6) 0.44 64 (40.0) 8 (28.6) 0.30

Abdominal pain (%) 41 (33.9) 6 (15.4) 6 (21.4) 0.06 47 (29.4) 6 (21.4) 0.50

Bloody stools (%) 19 (15.7) 1 (2.6) 4 (14.3) 0.08 20 (12.5) 4 (14.3) 0.76

Joint pain (%) 25 (20.7) 11 (28.2) 2 (7.1) 0.10 36 (22.5) 2 (7.1) 0.08

SBP (mmHg) 123.8 ± 18.7 121.3 ± 19.9 126.1 ± 17.5 0.58 123.2 ± 19.0 126.1 ± 17.5 0.45

DBP (mmHg) 79.0 (71.5–85.0) 80.0 (71.0–95.0) 81.5 (70.3–94.8) 0.24 80.0 (71.0–85.0) 81.5 (70.3–94.8) 0.18

Laboratory index

Proteinuria (g/24 h) 3.06 ± 3.28 3.22 ± 2.88 3.05 ± 2.41 0.96 3.10 ± 3.18 3.05 ± 2.41 0.94

Alb (g/L) 34.85 ± 8.19 36.37 ± 8.48 34.80 ± 7.33 0.58 35.22 ± 8.26 34.80 ± 7.33 0.80

sCr (umol/L) 78.52 ± 40.95 82.23 ± 39.21 95.81 ± 48.33 0.15 79.43 ± 40.44 95.81 ± 48.33 0.06

eGFR (ml/min/1.73 m2) 113.80

(89.20–129.70)

109.20

(80.70–132.00)

99.00 (64.13–130.47) 0.22 112.80 (87.58–129.88) 99.00 (64.13–130.47) 0.17

u-RBC (/HP) 193 ± 510 160 ± 254 150 ± 297 0.85 185 ± 460 150 ± 297 0.94

Pathological features

M (%) 99 (81.8) 35 (89.7) 26 (92.9) 0.10 134 (83.8) 26 (92.9) 0.26

E (%) 25 (20.7) 6 (15.4) 1 (3.6) 0.08 31 (19.4) 1 (3.6) 0.05

T (%) 47 (38.8) 16 (41.0) 13 (46.4) 0.74 63 (39.4) 13 (46.4) 0.53

C (%) 53 (43.8) 11 (28.2) 9 (32.1) 0.16 64 (40.0) 9 (32.1) 0.29

0 67 (55.4) 28 (71,8) 19 (67.9) 95 (59.4) 19 (67.9)

0–25% 31 (25.6) 11 (28.2) 7 (25.0) 42 (26.3) 7 (25.0)

>25% 23 (19.0) 0 (0) 2 (7.1) 23 (14.4) 2 (7.1)

GS (%) 50 (41.3) 22 (56.4) 12 (42.9) 0.26 72 (45.0) 12 (42.9) 0.84

Treatment 0.41 0.59

ACEI/ARB 14 (11.6) 1 (2.6) 2 (7.1) 0.27 15 (9.4) 2 (7.1) 1.00

Steroids 48 (39.7) 18 (46.2) 9 (32.1) 0.54 66 (41.3) 9 (32.1) 0.24

Immunosuppressor 59 (48.8) 20 (51.3) 17 (60.7) 0.53 79 (49.4) 17 (60.7) 0.18

IgAV-N, IgA vasculitis with nephritis; SBP, systolic blood pressure; DBP, diastolic blood pressure; ALB, albumin; sCr, serum creatinine; eGFR, estimated glomerular filtration rate;

u-RBC, the count of uric red blood cell; M, mesangial proliferation; E, endocapillary proliferation; C, crescents; T, tubular atrophy/interstitial fibrosis; GS, global glomerulosclerosis; ACEI,

angiotensin-converting-enzyme inhibitor; ARB, angiotensin receptor blockers.

endocapillary proliferation and tubular atrophy/interstitial
fibrosis, and nephrotic syndrome were also available for
prognostic prediction.

A survival model comprising the variables in the multivariate
COX analysis, was established to further demonstrate the
predictive power of global glomerulosclerosis and segmental
glomerulosclerosis, which was measured by ROC curves
(Figure 2). The AUC value of the survival model was 0.895.
But when both global glomerulosclerosis and segmental
glomerulosclerosis were removed, the AUC value dropped to
0.801. Accordingly, the discrimination of poor prognosis could
be improved by adding the pathological indicators of global
glomerulosclerosis and segmental glomerulosclerosis.

Treatment and Response
Therapeutic schedules were displayed in relation to pathological
classification (Tables 1, 2). Table 1 reveals that more patients
in GS2 group were treated with optimal supportive care (25.9
vs. 6.2%, P < 0.01) while immunosuppressive agents were less
used (33.3 vs. 54.0%, P = 0.06). However, no obvious differences
in treatment regimens among S0 group, S1 group, and S2
group (P > 0.10).

Considering that the use of immunosuppressants in IgAV-
N was highly controversial, we analyzed whether the addition
of immunosuppressants to routine treatment was beneficial
to the clinical remission of patients with IgAV-N. Based
on pathological lesions, the responses to each therapy were
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TABLE 3 | Correlation analysis of pathological indicators.

Mesangial

proliferation (M)

r = 0.07, p = 0.34 Endocapillary

proliferation (E)

r = 0.16, p = 0.03 r = −0.14, p = 0.07 Segmental

glomerulosclerosis (S)

r = 0.16, p = 0.03 r = –0.17, p = 0.02 r = 0.10, p = 0.17 Tubular atrophy

interstitial fibrosis (T)

r = 0.12, p = 0.11 r = 0.22, p < 0.01 r = −0.12, p = 0.09 r = −0.01, p = 0.88 Crescent

Lesions (C)

r = 0.11, p = 0.15 r = −0.17, p = 0.01 r = 0.06, p = 0.43 r = 0.48, p < 0.01 r = −0.10, p = 0.17 Global

glomerulosclerosis (GS)

The bold values mean statistically significant difference.

FIGURE 1 | Kaplan-Meier curves for the probability of primary outcomes in IgAV-N patients with different global glomerulosclerosis and segmental glomerulosclerosis

scores. (A) The renal prognosis of IgAV-N patients among GS0, GS1, and GS2 groups. (B) The renal prognosis of IgAV-N patients in GS0/GS1 and GS2 groups. (C)

The renal outcomes of IgAV-N patients among S0, S1, and S2 groups. (D) The renal outcomes of IgAV-N patients in S0/S1 and S2 groups. GS0 group: Patients with

0% global glomerulosclerosis. GS1: Patients with >0 and ≤15% global glomerulosclerosis. GS2: Patients with >15% global glomerulosclerosis. GS0/GS1 group:

Patients with ≥0 and ≤15% global glomerulosclerosis. S0 group: Patients with 0% segmental glomerulosclerosis. S1: Patients with >0 and ≥15% segmental

glomerulosclerosis. S2: Patients with >15% segmental glomerulosclerosis. S0/S1 group: Patients with ≥0 and ≤15% segmental glomerulosclerosis.

Frontiers in Medicine | www.frontiersin.org 6 October 2020 | Volume 7 | Article 58803114

https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles


Tan et al. Novel Pathologiacal Markers for IgAV-N

TABLE 4 | Prediction of renal outcomes in IgAV-N carried out by Cox-regression model.

Univariate analysis Multivariate analysis

HR (95%CI) p HR (95%CI) p

GS2 (vs. GS1/GS2) 4.09 (1.21–13.90) 0.02 3.86 (1.00–15.01) 0.05

S2 (vs. S1/S2) 3.46 (1.03–11.57) 0.04 7.55 (1.66–34.41) 0.01

M1 (vs. M0) 2.04 (0.26–25.85) 0.49 0.97 (0.10–9.00) 0.98

E1 (vs. E0) 1.86 (0.55–6.32) 0.32 5.65 (1.04–30.70) 0.05

T1 (vs. T0) 3.28 (1.00–10.90) 0.05 8.23 (1.68–40.23) 0.01

C1 (vs. C0) 1.02 (0.32–3.26) 0.98 0.98 (0.28–3.50) 0.98

NS 5.76 (1.72–19.30) 0.01 11.32 (2.89–44.30) <0.01

Immunosuppression 1.22 (0.39–3.85) 0.74 0.61 (0.17–2.14) 0.43

GS, global glomerulosclerosis; S, segmental glomerulosclerosis; M, mesangial proliferation; E, endocapillary proliferation; T, tubular atrophy or interstitial fibrosis; C, crescents; NS,

nephrotic syndrome. The bold values mean statistically significant difference.

FIGURE 2 | ROC curves for each model in prediction of the poor prognosis.
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TABLE 5A | The efficacy of immunosuppressants on clinical remissions of IgAV-N patients with different glomerulosclerosis scores.

GS0/GS1 GS2 S0/S1 S2

Response non-IT IT P non-IT IT P non-IT IT P non-IT IT P

CR (%) 13 (17.6) 31 (35.6) 0.01 5 (27.8) 3 (33.4) 1.00 16 (19.8) 26 (32.9) 0.07 2 (18.2) 8 (47.1) 0.12

PR (%) 46 (62.2) 36 (41.4) 0.01 9 (50.0) 4 (44.4) 1.00 47 (58.0) 34 (43.0) 0.08 8 (72.7) 6 (35.3) 0.12

NR (%) 15 (20.2) 20 (23.0) 0.41 4 (22.2) 2 (22.2) 1.00 18 (22.2) 19 (24.1) 0.85 1 (9.1) 3 (17.6) 1.00

GS, global glomerulosclerosis; S, segmental glomerulosclerosis; CR, complete remission; PR, partial remission; NR, no response; IT, treatment with immunosuppressants; non-IT,

treatment without immunosuppressants.

TABLE 5B | The efficacy of immunosuppressants on clinical remissions of IgAV-N patients with different glomerulosclerosis scores and endocapillary proliferation.

GS0/GS1 and E0 GS0/GS1 and E1 S0/S1 and E0 S0/S1 and E1

Response non-IT IT P non-IT IT P non-IT IT P non-IT IT P

CR (%) 10 (15.6) 24 (36.4) 0.01 3 (30.0) 7 (33.3) 1.00 13 (18.3) 19 (32.8) 0.06 3 (30.0) 7 (33.3) 1.00

PR (%) 44 (62.0) 27 (40.9) <0.01 2 (20.0) 9 (42.9) 0.26 45 (63.4) 25 (43.1) 0.02 2 (20.0) 9 (42.9) 0.26

NR (%) 10 (15.6) 15 (22.7) 0.30 5 (50.0) 5 (23.8) 0.22 13 (18.3) 14 (24.1) 0.42 5 (50.0) 5 (23.8) 0.22

GS, global glomerulosclerosis; S, segmental glomerulosclerosis; CR, complete remission; PR, partial remission; NR, no response; IT, treatment with immunosuppressants; non-IT,

treatment without immunosuppressants.

assessed in Table 5. IgAV-N patients receiving steroid combined
with immunosuppressant therapy in GS0/GS1 group had a
distinctly higher rate of complete remission (35.6 vs. 17.6%,
P = 0.01). Nevertheless, immunosuppression seemed to have
no benefit for complete remission in patients with higher
scores of global glomerulosclerosis (33.4 vs. 27.8%, P =

1.00). In addition, the differences in the rate of no response
between immunosuppressive therapy and treatment without
immunosuppression could not be distinguished in either
GS0/GS1 group or GS2 group.

Similar results were also found in S0/S1 group and S2 group.
The immunosuppressants were more beneficial for patients in
S0/S1 group because the complete remission rate was higher (32.9
vs. 19.8%, P= 0.07) whereas the addition of immunosuppressors
seemed to be unnecessary in patients in S2 group.

Considering that it was unclear if the response to
immunosuppression was just based on less chronic disease
or the association with more endocapillary hypercellularity,
further analysis was carried out. We found that patients without
endocapillary hypercellularity in both GS0/GS1 and S0/S1 groups
had a better response to immunosuppression agents because of
the higher complete remission rate (Table 5B). However, for
those with endocapillary hypercellularity but no chronic lesions
(GS and S), the superiority of immunosuppressive agents did
not seem obvious, indicating that sclerosis scores might have
guiding significance for the choice of treatment. Therefore, it
might be recommended that these two indicators be added to the
pathological score of IgAV-N.

DISCUSSION

The International Study of Kidney Disease in Children
(ISKDC) classification is the most commonly used histological
classification for pediatric patients with IgAV-N and it was

shown to be connected with long-term prognosis (2, 12, 13).
Due to the heavier pathological damage and poorer outcomes
in adults, ISKDC seems to be not sensitive enough to predict
the prognosis of adult-onset IgAV-N (10, 14, 15). Since IgAV-N
was more common in children, few researches have investigated
which pathological classification is suitable for adult-onset IgAV-
N. Emerging studies have demonstrated that the indicators of
the Oxford classification of IgAN, which shared the similar
pathophysiological mechanism with IgAV-N, can indicate the
renal outcomes of IgAV-N (14, 16–19). A portion of scholars
noted that they could be recommended for clinical practice.
Unfortunately, because of the heterogeneity of the research
results, this doctrine has not been widely accepted yet. This study
was carried out to provide a novel pathological grading scheme
to further refine the Oxford classification for adult-onset IgAV-N,
which could better predict prognosis and guide treatment.

Our study noted that global glomerulosclerosis (>15%
of glomeruli) and segmental glomerulosclerosis (>15%
of glomeruli) had a significant correlation with poor
prognosis, where more than 3- and 7-fold increased risk
were observed, implying that global glomerulosclerosis and
segmental glomerulosclerosis could be used as independent
prognostic factors.

Global glomerulosclerosis is a kind of the nephrosclerosis
that is often regarded as a chronic change. Besides patients
with CKD, the kidneys of normal healthy aging may also
show signs of nephrosclerosis (20). But the degree of global
glomerulosclerosis seems to bemore severe in patients with CKD.
Several studies have demonstrated that global glomerulosclerosis
could predict a worse outcome in patients with IgAN or other
CKD (9, 20, 21). However, the role of it remains unknown
in IgAV-N since no studies have been performed. In keeping
with the above studies, it was uncovered in this study that
global glomerulosclerosis was associated with an increased
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risk of adverse renal outcomes in adult IgAV-N, especially
global glomerulosclerosis >15% of glomeruli. Notably, we also
found that global glomerulosclerosis was positively correlated
to tubulointerstitial atrophy and fibrosis, consistent with the
previous study (22). Further Cox-regression analysis adjusted for
clinical symptoms and pathological indicators were performed,
and it should be noted that global glomerulosclerosis was an
independent predictor (R 3.86, 95% CI 1.00–15.01, P = 0.05).
Hence, it made a sense to add global glomerulosclerosis to
pathology score system of adult IgAV-N.

Segmental glomerulosclerosis was a typical index of Oxford
Classification of IgA nephropathy (IgAN), which has been
widely accepted to identify the prognosis of IgAN (3, 11,
23). It has been reported that segmental glomerulosclerosis,
as a more chronic stage of glomerulonephritis, may develop
from the organization of endocapillary inflammatory lesions
and/or segmental necrosis, which may lead to sclerosis of
kidneys (3). Additionally, segmental glomerulosclerosis may
be typically related to podocytopathies (24). Therefore, these
could explain why IgAV-N patients with higher rate of
segmental glomerulosclerosis had a poorer outcome in our study.
However, whether segmental glomerulosclerosis can be used as
a prognostic factor of IgAV-N does not reach a consensus. Some
studies have proposed that segmental glomerulosclerosis is useful
in predicting long-term renal outcome of IgAV-N (16, 19). But K-
M analysis in other studies have indicated that it fails to predict
the prognosis (25, 26). We speculated that the causes of the
inconsistent conclusions may result from the enrolled patients
with different severity of segmental glomerulosclerosis. What is
noteworthy is that the mainstream classification of segmental
glomerulosclerosis scores was the presence or absence (14, 16,
19, 25–28). Patients with higher proportion (>15%) and lower
proportion (0–15%) of segmental glomerulosclerosis scores were
assigned to the same group in their study. But our study
found that the clinicopathological characteristics and prognosis
of patients in S0 group and S1 group were similar. Therefore,
distinguishing the rate of segmental glomerulosclerosis is more
meaningful than distinguishing the presence or absence of
it, which could be partially referred to T scores in Oxford
Classification (11). In addition, the combination of global and
segmental glomerulosclerosis could improve the effect power of
survival model (Figure 2), which was reasonable to apply it in
the clinic.

Previous studies have revealed that the combination treatment
of corticosteroids and immunosuppressants has an advantage on
IgAV-N remission (7). But unfortunately, the optimal indications
for combination therapy have not been well-identified. Results of
our study demonstrated that the response to immunosuppression
differed greatly, depending on the severity of sclerosis. A higher
complete remission rate for combination therapy were found in
GS0/GS1 and S0/S1 groups, suggesting that immunosuppressants
may be a superior alternative in treating HSPN without
chronic changes or with relatively lower level of chronic
changes. But for patients with higher scores of global and
segmental glomerulosclerosis, adding immunosuppressor to

corticosteroids was not necessary because there was no marked
difference in response between the two regimens. Thus, global
glomerulosclerosis and segmental glomerulosclerosis could serve
as effective markers for prognosis and treatment of adult-
onset IgAV-N.

There were some limitations of our study. Firstly, this was
a single center study with limited sample size and the number
of patients in GS2 and S2 group was relatively small. Secondly,
the average follow-up time was nearly 30 months that was not
long enough and that should be continuous. Thirdly, this was
an observational study and no intervention was involved. There
was no doubt that the baseline characteristics could not be fully
controlled, which might result in potentially biased evaluation
of efficacy.

CONCLUSION

Global glomerulosclerosis and segmental sclerosis
were independent risk factors of adverse outcome.
Immunosuppressive treatment seemed to be a superior
alternative in IgAV-N patients without sclerosis scores
or with lower level of sclerosis scores. But addition of
immunosuppression was not recommended in patients with
higher sclerosis scores. Therefore, global glomerulosclerosis
and segmental sclerosis might be used for management and
treatment of adult-onset IgAV-N.
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Acute kidney injury (AKI) is one of the most common complications affecting hospitalized
patients associated with an extremely high mortality rate. However, the underlying
pathogenesis of AKI remains unclear that largely limits its effective management in
clinic. Increasing evidence demonstrated the importance of long non-coding RNAs
(lncRNAs) in the pathogenesis of AKI, because of their regulatory roles in transcription,
translation, chromatin modification, and cellular organization. Here, we reported a new
role of LRNA9884 in AKI. Using experimental cisplatin-induced AKI model, we found
that LRNA9884 was markedly up-regulated in the nucleus of renal tubular epithelium in
mice with AKI. We found that silencing of LRNA9884 effectively inhibited the production
of inflammatory cytokines MCP-1, IL-6, and TNF-α in the mouse renal tubular epithelial
cells (mTECs) under IL-1β stimulation in vitro. Mechanistically, LRNA9884 was involved
into NF-κB-mediated inflammatory cytokines production especially on macrophage
migration inhibitory factor (MIF). Collectedly, our study suggested LRNA9884 promoted
MIF-triggered the production of inflammatory cytokines via NF-κB pathway after AKI
injury. This study uncovered LRNA9884 has an adverse impact in AKI, and targeting
LRNA9884 might represent a potential therapeutic target for AKI.

Keywords: lncRNA, inflammation, AKI, NF-κB, macrophage migration inhibitory factor

INTRODUCTION

Acute kidney injury (AKI) is defined as a sudden deterioration in kidney function over a short
period of time. Studies have reported that 3.2–21% of hospitalized patients and up to 50% of
patients admitted to intensive care units develop AKI, with a mortality rate ranging from 40 to
60%. If there are other comorbidities with AKI, the incidence and mortality rates can be as high
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as 30 and 80%, respectively (Varrier et al., 2015; Agarwal et al.,
2016). Studies found that AKI significantly prolonged the length
of a patient’s stay in hospital and also significantly increased
overall inpatient expenses (about $24 billion annually in the
United States) (Silver et al., 2017). The cost required to treat
AKI is comparable to treating other serious conditions such
as stroke, pancreatitis and pneumonia. Taken together, these
findings highlight the need for new therapies to treat this
serious condition.

Long non-coding RNAs (lncRNAs) are a class of RNA
molecules longer than 200 nucleotides but lacking protein-coding
potential. These are transcribed from the mammalian genome
and have emerged as important regulators of transcription,
translation, chromatin modification and cellular organization.
Compared to protein coding RNAs, lncRNAs have higher
specificity to disease conditions, making them promising
diagnostic and prognostic biomarkers as well as therapeutic
targets. Our previous studies demonstrated that lncRNA
(Erbb4-IR) induced renal fibrosis via Smad3-Smad7 pathway
in the mouse UUO-induced kidneys (Feng et al., 2018),
nevertheless, under diabetic conditions Erbb4-IR improved
renal inflammation via miR-29b (Sun et al., 2018). Meanwhile,
increasing evidence suggested that lncRNAs may be a potential
target for treatment of acute and chronic kidney diseases
(Mercer et al., 2009; Tang et al., 2018b). Kato et al. (2016)
reported that a chemically modified oligonucleotide targeting
lnc-MGC inhibited cluster microRNAs, glomerular extracellular
matrix (ECM) and hypertrophy in the early stages of diabetic
nephropathy. Li et al. (2017) demonstrated that the expression
of lncRNA MALAT1 antagonized the inhibitory effect of miR-
23c on hyperglycemia-induced cell pyroptosis in HK2 cells.
However, the functional and pathogenic roles of lncRNAs in
kidney diseases are still largely unclear and remain to be
further elucidated.

Our previous study identified 21 novel Smad3-dependent
lncRNAs were participated in renal inflammation and fibrosis
from experimental mouse kidney disease models (Zhou et al.,
2014). Among them, we demonstrated that targeting Erbb4-
IR may represent a novel therapy for inhibiting progression
of renal fibrosis (Feng et al., 2018; Sun et al., 2018),
whereas Arid-IR may related to the renal inflammation (Zhou
et al., 2015). Recently, we further uncovered that LRNA9884,
one of the 21 Smad3-dependent lncRNAs, was involved in
chronic diabetic kidney injury of db/db mice (Zhang et al.,
2019b). Nevertheless, its implication in AKI is still unknown.
Therefore, in the present study we further explored the
potential role of LRNA9884 in AKI by using our clinical-
related cisplatin-induced AKI mouse model (Lv et al., 2017;
Li et al., 2018a). Interestingly, we found that LRNA9884 was
evoked in the cisplatin-injured in mice especially on the
nucleus of renal tubular epithelium. Mechanistically, we found
that inflammatory cytokine IL-1β was capable for triggering
LRNA9884 expression in the mouse renal tubular epithelial
cells (mTECs) in vitro. More importantly, we finally identified
the essentialness of LRNA9884 in NF-kB-mediated renal
inflammation by regulating the production of pathogenic effector
macrophage migration inhibitory factor (MIF) at genomic level.

Thus, LRNA9884 may represent as a potential therapeutic target
for AKI management.

MATERIALS AND METHODS

Animal Model
C57BL/6J mice were inoculated with cisplatin at a dose of
20 mg/kg (Sigma-Aldrich, St. Louis, MO, United States)
by intraperitoneal injection to develop an experimental
model of AKI. All mice were sacrificed by intraperitoneal
injection of ketamine/xylene. To verify the model, the kidneys
were harvested 3 days after cisplatin treatment and were
subsequently processed for hematoxylin-eosin (H&E) and
Periodic Acid Schiff (PAS) staining for histological studies.
All studies were approved by the Animal Experimentation
Ethics Committee of The Chinese University of Hong Kong
and the experimental protocols were carried out in
accordance with approved guidelines (Lv et al., 2017;
Li et al., 2018a).

Cell Culture
Immortalized murine renal proximal tubular epithelial cells
(mTECs) were cultured in DMEM/F-12 (Gibco, Carlsbad, CA,
United States), supplemented with 10% FBS (Gibco) and
1% antibiotic/antimycotic solution (Life Technologies, Grand
Island, NY, United States). mTECs, a gift from Dr. Jeffrey B.
Kopp, NIH, is immortalized murine kidney proximal tubular
epithelial cells. To determine if LRNA9884 expression could be
induced in vitro, mTECs were stimulated with inflammation
inducing factors such as IL-1β (10 µg/ml; R&D Systems,
Minneapolis, MN, United States), TNF-α (10 ng/ml; R&D
Systems, Minneapolis, MN, United States), LPS (100 ng/ml;
L2630, Sigma-Aldrich, United States), C reactive protein (CRP)
(10 µg/ml; source), and Transforming Growth Factor β (TGF-
β) (5 ng/ml, source) at 0.5 h. Subsequently, these samples
were employed to examine LRNA9884 expression using real-
time PCR (Tang et al., 2018a; Zhang et al., 2019b). To inhibit
NF-κB activity, cells were pretreated with the NF-κB inhibitor
Bay 11-7085 at a dose of 10 µM, (sc-202490; Santa Cruz
Biotechnology, Santa Cruz, CA, United States) for 2 h before
Il-1β stimulation.

In situ Hybridization
LRNA9884 expression in the AKI kidney was detected using
in situ hybridization (ISH), as previously described (Feng et al.,
2018; Sun et al., 2018; Zhang et al., 2019b). After fixation in
4% (w/v) paraformaldehyde with 1% (v/v) DMSO, the kidney
sections were rehydrated, permeabilised, pre-hybridized, and
eventually hybridized. During the last phase, the sections were
hybridized with a locked nucleic acid–digoxigenin labeled
LRNA9884 probe (5′-ACTTGAAGGGTCCAGAAGAGAT-
3′) (Exiqon, Vedbaek, Denmark) or negative control
scramble probe (5′-GTGTAACACGTCTATACGCCCA-3′)
(Exiqon). The sections were incubated with anti-digoxigenin
antibody (11093274910, Roche Diagnostics, Indianapolis, IN,
United States) conjugated to alkaline phosphatase and developed
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FIGURE 1 | LRNA9884 and inflammatory cytokine expression in mice with cisplatin-induced AKI. (A) H&E staining and PAS staining shows changes in renal
histology after AKI injury at day 0 and day 3. (B) Immunohistochemistry (IHC) of IL-1β and TNF-α expression (200× magnification). (C) Serum creatinine and blood
urea nitrogen (BUN) of AKI mice. (D,E) ISH and FISH detects LRNA9884 expression at day 0, and day 3 after AKI injury (200× magnification). (F) Real-time PCR
shows expression of LRNA9884 in mice kidneys. Bar represents the mean ± SEM for groups of eight mice. ***P < 0.001 vs. mice at day 0.

with phosphate/nitroblue tetrazolium (SigmaAldrich, St. Louis,
MO, United States).

Fluorescence in situ Hybridization and
Immunofluorescence Assay
The cells and the kidney sections were fixed with 4% (w/v)
paraformaldehyde, washed three times with 1 × PBS for
5 min, and washed once with distilled water. Prehybridization
was performed at 37◦C for 4 h in an incubator. The
concentration of the hybrid solution were set with different
gradients (5, 10, 50, and 100 µM) of probes. Hybridization
was conducted overnight at 42◦C in the incubator. After
hybridization, sections were washed by gradient SSC, dripped
with DAPI and sealed. All the equipment were disinfected with
DEPC water. The fluorescence in situ hybridization (FISH) kit
used in this method was purchased from Guangzhou Ruibo

(C10910; RiboBio), the probe sequence was identical to the
in situ hybridization probe, preceded by cy3-fluorescence labeling
(Sun et al., 2018).

Western Blotting Analysis
Protein from the renal tubular epithelium was extracted and
western blot analysis was performed as previously described
(Tang et al., 2017, 2018c; Li et al., 2020). The antibodies
used in this study included phospho- NF-κB/p65 (Ser536,
CST), NF-κB/p65 (CST), TNF-α, IL-1β, MCP-1, β-actin (Santa
Cruz), and LI-COR IRDye 800-labeled secondary antibodies
(Rockland Immuno-chemicals). The detection of specific signals
was performed employing Odyssey infrared imaging system (LI-
COR Biosciences, Lincoln, NE, United States) and quantified
using Image J software (National Institutes of Health)1. The ratio

1http://www.imagej.nih.gov/ij/

Frontiers in Physiology | www.frontiersin.org 3 October 2020 | Volume 11 | Article 59002721

http://www.imagej.nih.gov/ij/
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-11-590027 October 26, 2020 Time: 16:52 # 4

Zhang et al. Role of LRNA9884 in AKI

FIGURE 2 | IL-1β triggers LRNA9884 and inflammation cytokines in mTECs. (A) Real-time PCR showed that IL-1β (10 ng/ml) induced LRNA9884 expression in
mTECs in a dose-dependent manner. (B) FISH assay detected an increase in LRNA9884 expression after IL-1β treatment, primarily localized in the nucleus of
mTECs. (C) Real-time PCR shows LRNA9884 expression after IL-1β, CRP, TGF-β, TNFα, and LPS treatment in mTECs. (D) Real-time PCR shows TNF-α,
MCP-1 and IL-6 expression after IL-1β treatment. Bars represent the mean ± SEM for at least three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001
vs. time 0 h.

for the protein detected was normalized against β-actin and the
results were expressed as the mean ± standard error of the
mean± (SEM) (Wang et al., 2018).

RNA Extraction and Quantitative
Real-Time PCR
Total RNA was extracted from cells and real-time PCR was
performed using an Option 2 instrument (Bio-Rad, Hercules,
CA, United States) with IQ SYBR green supermix reagent
(Bio-Rad, Hercules, CA, United States). The primers used
in this study were mouse mRNA MCP-1, IL-1β, TNF-
α, LRNA9884 and MIF as described in Supplementary
Table 1. β-actin housekeeping gene was used as the internal
control. Results were expressed by fold changes to controls as
individual dots pattern.

Enzyme-Linked Immunosorbent Assay
We collected medium from stimulated mTEC cells to detect
inflammatory and pro-inflammatory cytokines production by
using an enzyme-linked immunosorbent assay kit. TNF-
a, MCP-1, and IL-6 were measured with a Quantikine
ELISA Kit (R&D Systems) according to the product protocols
(Zhang et al., 2019a).

Statistical Analysis
All the data are expressed as the mean ± SEM. Statistical
analyses were performed using two-way analysis of variance
as appropriate. Tests were performed with GraphPad Prism 5
(GraphPad Software, La Jolla, CA, United States). A P-value
<0.05 was considered to be a significant finding.

RESULTS

LRNA9884 Is Highly Expressed in the
Cisplatin-Induced AKI in vivo
The experimental model of AKI was developed using C57BL/6J
mice treated with cisplatin (20 mg/kg) (Lv et al., 2017).
Histological examination revealed loss of brush border of
renal epithelial cells, lumen dilation of renal tubular system,
and cytoplasmic vacuolar degeneration and necrosis of tubular
epithelium in the AKI model compared to the control group.
Serum creatinine and urea nitrogen were increased in the AKI
mice form day 1. These results indicated that the AKI model
was successfully implemented (Figures 1A,C). Inflammatory
cytokines were up-regulated in the AKI kidneys such as IL-
1β and TNFα, indicated that activating inflammatory signals
involved in cisplatin-induced AKI (Figure 1B). Furthermore,
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FIGURE 3 | Silencing of LRNA9884 blocks inflammatory cytokine expression. (A) Real-time PCR results shows LRNA9884 expression level for siLRNA9884 and
nonsense-treated control (NC) after IL-1β-induced in mTECs. (B) Western blot shows expression of TNF-α, MCP-1 and IL-6 in IL-1β-induced mTECs. (C) Real-time
PCR shows TNF-α, MCP-1 and IL-6 expression in NC and siLRNA9884 mTECs for control and IL-1β groups. Bars represent the mean ± SEM for at least three
independent experiments. (D) ELISA shows TNF-α, MCP-1 and IL-6 expression in NC and siLRNA9884 mTECs for control and IL-1β groups. ***P < 0.001 vs.
Control group, #P < 0.05, ##P < 0.01, ###P < 0.001 vs. NC group.

ISH and FISH examination of renal tubular epithelial cells
harvested from the cisplatin-induced AKI model showed that
expression levels of LRNA9884 increased gradually with AKI
progression. Moreover, it indicated that LRNA9884 expression
was mainly located in the nuclei of renal tubular epithelial
cells (Figures 1D,E). Quantitative real-time PCR analysis of
LRNA9884 expression revealed that AKI mice models had
a greater intra-nuclear amount of LRNA9884 compared to
the control group on the first day after cisplatin injection
(P < 0.001). Additionally, the LRNA9884 expression on the
third day was greater than on day one (P < 0.001) (Figure 1F).

These results demonstrated that LRNA9884 expression was
elevated and localized in the nuclei of tubular epithelia cells
from the AKI kidney.

LRNA9884 Is a Positive Feedback to the
IL-1β Driven Renal Inflammation in vitro
In vitro analysis of cultured mTECs stimulated with IL-1β

showed that LRNA9884 expression increased significantly
after IL-1β (10 ng/ml) stimulation for half hour (P < 0.001)
(Figure 2A). Moreover, FISH further indicated that the IL-
1β induced LRNA9884 was predominantly located in the
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FIGURE 4 | LRNA9884 regulates NF-κB mediated inflammatory actions. (A) Western blot shows phosphorylation and total NF-kB in NC and siLRNA9884 groups.
(B) Real-time PCR shows total NF-kB expression (p65) in control and in IL-1β-induced mTECs groups. (C) Real-time PCR shows LRNA9884 expression after
inhibition of NF-kB phosphorylation in mTECs in a dose-dependence. (D) Western blot shows phosphorylation and total NF-kB after inhibition of NF-kB
phosphorylation in mTECs in a dose-dependence. Bars represent the mean ± SEM for at least three independent experiments. ***P < 0.001 vs. Control group,
##P < 0.01 vs. IL-1β-induced group.

nucleus (Figure 2B), which was consistent with the in vivo
results obtained from ISH (Figure 1B). It was further explored
whether other stimuli besides IL-1β could induce an increase
in the expression of LRNA9884. Interestingly, our results
showed that TNF-α, LPS, CRP, and TGF-β could also trigger
LRNA9884 expression compared to the negative control
group (CTRL) (Figure 2C), but IL-1β was the greatest extend
(P < 0.001). In addition, we found that IL-1β induced a high
expression of various inflammatory factors such as tumor
necrosis factor (TNF-α), monocyte chemotactic protein (MCP-
1) and interleukin 6 (IL-6) (Figure 2D), which may also

contribute to the LRNA9884 expression at certain degree.
More importantly, we investigated the role of LRNA9884
in IL-1β driven renal inflammation via siRNA-mediated
silencing (siLRNA9884) in mTECs in vitro (Figure 3A).
Interestingly, both western blotting, real-time PCR and
ELISA detected that silencing of LRNA9884 significantly
suppressed the IL-1β-induced production of inflammatory
cytokines including TNF-α, MCP-1 and IL-6 in mTECs
compared to the nonsense-treated (NC) group (Figures 3B–D),
indicating the importance of LRNA9884 in the progression of
renal inflammation.
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FIGURE 5 | LRNA9884 regulates MIF at transcriptional level. (A) Real-time PCR array shows inflammatory markers expression after knockdown of LRNA9884 in
mTEC. (B) Predicted binding site of LRNA9884 on the genomic sequence of MIF. (C) Real-time PCR results show MIF expression ratios in control and IL-1β mTECs
groups. ***P < 0.001 vs. CTRL group, ###P < 0.001 vs. NC group.

LRNA9884 Is Essential for NF-κB
Mediated Inflammatory Cytokines
Production
NF-κB signaling is one of the important pathways for renal
inflammation. Therefore, inactivation of the NF-κB pathway
in AKI mice was studied by downregulating LRNA9884
production as well as using a NF-κB inhibitor (BAY 11-7082).
Western blot showed that NF-κB phosphorylation was decreased
after LRNA9884 expression levels were reduced (Figure 4A).
Nevertheless, real-time PCR did not show changes in total NF-
κB expression after silencing LRNA9884 (Figure 4B); hence
LRNA9884 might only affect NF-κB phosphorylation but not its
transcription. As a consequence, LRNA9884 expression was later
studied following inhibition of NF-κB phosphorylation via real-
time PCR. This analysis indicated that LRNA9884 expression was
decreased by inhibition of NF-κB in a dose-dependent manner

(P < 0.01) (Figure 4C). These findings suggested that there is a
reciprocal regulation between LRNA9884 and NF-κB, in which
NF-κB regulates LRNA9884 expression and LRNA9884 regulates
NF-κB phosphorylation.

LRNA9884 Promotes NF-κB-Induced MIF
via Transcriptional Regulation
As previously described, LRNA9884 was involved in the
downstream of NF-κB pathway (Zhang et al., 2019b), but
the underlying mechanism is still largely unclear. Here, by
conducting PCR array, we revealed that expression of an
important pathogenic cytokine MIF was highly affected by
the loss of LRNA9884 in mTECs under IL-1β-stimulation
(Figure 5A). Interestingly, we found a direct LRNA9884 binding
site on the promoter region of MIF using Freiburg RNA Tool
(Figure 5B). We confirmed that MIF expression was significantly
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FIGURE 6 | Schematic diagram of LRNA9884 in NF-kB/MIF axis regulation. In
AKI, IL-1β triggers NF-kB signaling, which in turn upregulates LRNA9884 in
the nucleus, and which binds on the promoter region of MIF genome therefore
enhancing MIF transcription at genomic level. LRNA9884 will positively
promote IL-1β/NF-κB signaling therefore further promoting the inflammatory
response.

downregulated in renal tubular epithelial cells due to silencing
of LRNA9884 (P < 0.001) (Figure 5C). Thus, LRNA9884 may
promote NF-κB-mediated renal inflammation via enhancing MIF
production at genomic level (Figure 6).

DISCUSSION

AKI can gradually progress into chronic renal failure due
to persistent inflammation and progressive fibrosis, in which
significant amounts of inflammatory and pro-inflammatory
cytokines are released causing disease progression (Kinsey et al.,
2008; Chawla et al., 2011). When tissue injury occurs in AKI,
renal tubular epithelial cells injury, which leads to the release
of pro-inflammatory factors from the cells to enhance the
permeability of vascular endothelia. Then effector cells involved
in immune responses such as macrophages extravasate to the
injury site (Bonventre and Zuk, 2004; Friedewald and Rabb,
2004) to trigger the production of an inflammatory cascade,
which further aggravates damage to the renal tubular epithelial
cells. Therefore, effective inhibition of the production and
secretion of various inflammatory factors in the initial stages
of AKI may be the key to prevent AKI from progressing into
chronic kidney disease.

Long non-coding RNAs have been suggested to play roles
in the pathogenesis of various kidney diseases. For instance,
LRNA9884 has been shown to be a promoting factor of
diabetic kidney injury (Zhang et al., 2019b). In this study,
it was found that LRNA9884 exerts a functional role in
the pathogenesis of cisplatin-induced AKI. Cisplatin induced
nephrotoxicity in mice are most prominently used to study
AKI (Ramesh and Ranganathan, 2014). In our study, the
expression of LRNA9884 was found to be significantly increased
in renal tubular epithelial cells in vivo. Furthermore, in vitro
analysis indicated that the increase in LRNA9884 expression
occurs at early stages of AKI development since LRNA9884
expression incremented significantly after only 30 min upon
IL-1β stimulation rather than cisplatin stimulation in vitro
(Supplementary Figure 1). Increasing evidences showed IL-
1β activation exacerbates cisplatin-induced AKI by activating
inflammatory signals (Yan et al., 2017; Privratsky et al., 2018).
Our results indicated LRNA9884 was relevant to inflammatory
signaling. Thus, it was hypothesized that LRNA9884 might be
involved in the inflammatory response of renal tubular epithelial
cells during AKI. The present study revealed that LRNA9884
exhibits high expression levels in tubular epithelial cells after their
stimulation with various inflammatory mediators. Meanwhile,
we found IL-1β significantly up-regulated LRNA9884 expression
compared other inflammatory stimulators in vitro. Moreover,
it demonstrated that downregulation of LRNA9884 leads
to declined production of various inflammatory mediators.
Consequently, LRNA9884 may work as a potential regulator in
the production of a cocktail of inflammatory factors. Lastly, it
determined that LRNA9884 was confined within the nuclei of
renal tubular epithelial cells rather than to their cytoplasm.

NF-κB is one of the most critical nuclear transcription factors
present in virtually all animal cell types. NF-κB participates in
classic inflammatory stimulation pathways, which are initiated
by the activation of various external stimuli such as CRP, IL-1β,
hypoxia induction, and among others. NF-κB phosphorylation
initiates a response within 5 min of stimulation (Lawrence,
2009). Interestingly, we found that IL-1β might upregulate
LRNA9884 via a P65-dependent mechanism. It is because the
phosphorylated P65 can migrate into the nucleus and promote
the transcription of LRNA9884. Thus, the AKI-included IL-1β

can increase LRNA9884 expression in renal epithelial cells via
activating P65 during renal inflammation. More importantly,
inflammation-related RNA-sequence screening showed that the
increased expression of MIF was LRNA9884-specific. MIF is
an upstream pro-inflammatory factor and mainly functions as
an activator of the inflammatory cascade, as a promoter of
macrophage migration and as an initiator of T cell activation
(Lan et al., 2018; Li et al., 2018a,b, 2019). Current study found
that LRNA9884 has a binding motif in the MIF promoter region,
thereby decreasing LRNA9884 levels may downregulate MIF
expression. Our mechanistic study of LRNA9884 identified MIF
might be as the direct downstream target of LRNA9884 in
renal epithelial cells during IL-1β-mediated renal inflammation.
LRNA9884 directly bind on the promoter region of MIF
for enhancing its production from renal epithelial cells at
transcriptional level, therefore further promoting the renal

Frontiers in Physiology | www.frontiersin.org 8 October 2020 | Volume 11 | Article 59002726

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-11-590027 October 26, 2020 Time: 16:52 # 9

Zhang et al. Role of LRNA9884 in AKI

inflammation of the AKI-kidney. However, prospective studies
are recommended to determine how LRNA9884 behaves and
functions in human patients suffering from AKI. Similarly, they
are suggested to conduct in vivo experiments and to use specific
kidney silencing of LRNA9884.

In conclusion, the present study has provided evidence
that injured renal tubular epithelial cells release inflammatory
cytokines in AKI mice model, which upregulate LRNA9884
expression by activating phosphorylation of NF-κB pathway.
This pathway subsequently upregulates MIF, triggering the
production of a storm of other inflammatory response, which in
turn aggravate renal tubular damage (Figure 6). These findings
suggest that LRNA9884 has an adverse impact in AKI and
targeting LRNA9884 represents a potential therapy for alleviating
inflammation response in AKI kidneys.
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Monoclonal Gammopathy of Renal Significance (MGRS) is a group of heterogeneous

disorders characterized by renal dysfunction secondary to the production of a

monoclonal immunoglobulin by a nonmalignant B cell or plasma cell clone. We report

the clinical and histological outcomes of two patients with biopsy-proven MGRS: one

patient showed membranoproliferative glomerulonephritis with monoclonal k-light chain

and C3 deposits, the second patient showed immunotactoid glomerulopathy. Both

patients were treated with a 9-month chemotherapy protocol including bortezomib,

cyclophosphamide, and dexamethasone. Renal biospy was repeated after 1 year. The

estimated glomerular filtration rate (eGFR) increased from 22.5 (baseline) to 40 ml/min

per 1.73 m2 after 12 months, then to 51.5 ml/min per 1.73 m2 after 24 months;

proteinuria decreased from 4.85 (baseline) to 0.17 g/day after 12 months, then to

0.14 g/day after 24 months. Repeat renal biopsies showed a dramatic improvement

of the glomerular proliferative lesions and near complete disappearance of the immune

deposits. A bortezomib-based treatment proved very effective and was well-tolerated in

the two patients presenting with clinically and histologically aggressive MGRS.

Keywords: monoclonal gammopathy of renal significance (MGRS), C3 glomerulonephritis (C3GN), Immunotactoid

glomerulonephritis, bortezomib, glomerulonephritis

INTRODUCTION

The term monoclonal gammopathy of renal significance (MGRS) was proposed for the first time
in 2012 by the International Kidney and Monoclonal Gammopathy Research Group (IKMG) to
describe patients with renal injury secondary to a plasma cell clone who do not present the criteria
for multiple myeloma or a lymphoproliferative disorder (1). The hematologic disorder is generally
consistent with monoclonal gammopathy of undetermined significance (MGUS) (2).
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In 2017 the IKMG updated the term MGRS and redefined
it as a clonal proliferative disorder that produces a nephrotoxic
monoclonal immunoglobulin and does not meet previously
defined haematologic criteria for the treatment of a specific
malignancy. Furthermore, the IKMG recommended kidney
biopsy for the correct diagnosis of MGRS-related disease (3).
Renal disease can result from the direct deposition of nephrotoxic
monoclonal immunoglobulin (MIg) or its light- or heavy-chain
fragments in various renal tissue compartments, and includes
common disorders, such as cast nephropathy, amyloidosis,
and MIg deposition diseases, as well as rarer disorders, such
as immunotactoid glomerulopathy, proliferative GN with MIg
deposits, light-chain proximal tubulopathy, and the rare entities
of crystal-storing histiocytosis and crystalglobulinemia. MGRS
can also result from indirect mechanisms and manifests as C3
glomerulopathy or thrombotic microangiopathy without tissue
MIg deposits (4).

Effective chemotherapy regimens as well as stem cell
transplantation are widely used for renal complications of
myeloma kidney and amyloid light-chain amyloidosis (5, 6).
Specific therapeutic protocols for MGRS are far less well-defined
and some reluctance exists among hematologists to treat this
disorder. However, both the progressive nature of MGRS and its
tendency to recur after kidney transplantation strongly suggest—
at least in patients with severe disease—treatment which should
target the pathologic clone responsible for the production of the
nephrotoxic MIg (7).

Herein we report the clinical outcome and the histological
renal evolution of two patients with two different monoclonal
Ig-associated diseases at renal biopsy who were treated with
a combination regimen including bortezomib, dexamethasone,
and cyclophosphamide.

CASE PRESENTATION

Case 1
A 59 year old white female with a history of essential
hypertension treated with ramipril was referred to us for a
second opinion by another hospital where she had undergone
renal biopsy for renal failure (serum creatinine level 1.5
mg/dl), proteinuria (2.9 g/d), and microscopic dysmorphic
hematuria. The renal biopsy had shown membranoproliferative
glomerulonephritis with C3 and k-light chain deposits involving
glomerular capillary walls and the mesangium. Unfortunately,
the histological specimen was not suitable for adequate electron
microscopy study and full immunofluorescence analysis.

At admission to our hospital she referred asthenia and showed
mild lower limb edema. Laboratory investigations showed
(Table 1): reduced estimated glomerular filtration rate (eGFR)
(35 ml/min per 1.73 m2), severe proteinuria (2.7 g/d) and mild
microscopic hematuria; normal calcemia, immunoglobulin and
complement levels; negative cryoglobulins; normocytic anemia
(hemoglobin, 9.4 g/dl); negative serum immunofixation with
moderately increased serum k/λ free light chain concentration
(k/λ ratio = 11.5), and scanty amounts of k free light chain in
urine immunofixation.

TABLE 1 | Clinical, histological, and laboratory features of patients.

Patient 1 Patient 2

Age (yr) 59 71

Sex Female Male

Kidney histology PGNMID ITGN

Bone marrow plasma cells (%) 7 6

Baseline eGFR

(ml/min per 1.73m2 )

35 10

12-month eGFR

(ml/min per 1.73m2 )

49 31

24-month eGFR

(ml/min per 1.73m2 )

57 46

Baseline proteinuria

(g/day)

2.7 7.0

12-month proteinuria

(g/day)

0.09 0.26

24-month proteinuria

(g/day)

0.05 0.23

Baseline Hemoglobin

(g/dL)

9.4 10.5

12-month Hemoglobin

(g/dL)

12.8 13.1

24-month Hemoglobin

(g/dL)

13.5 17.0

Baseline serum Calcium

(mmol/L)

2.2 1.9

12-month serum Calcium

(mmol/L)

2.5 2.3

24-month serum Calcium

(mmol/L)

2.5 2.3

Baseline k/λ sFLC

(mg/l)

369/32 89/41

12-month k/λ sFLC

(mg/l)

23/16 16/14

24-month k/λ sFLC

(mg/l)

31/17 19/16

yr, year; PGNMID, proliferative glomerulonephritis with monoclonal Ig deposits; ITGN,

immunotactoid glomerulonephritis; eGFR, estimated glomerular filtration rate; k/λ sFLC,

k/λ serum free light chain concentration.

A bone marrow aspirate and biopsy were performed
and a real-time ultrasound-guided percutaneous renal biopsy
was repeated.

Bone marrow aspirate and biopsy were examined by light
microscopy, immunohistochemistry, and flow cytometry, and
only showed 7% polyclonal plasma cells.

Renal tissue specimens were examined by light microscopy,
immunofluorescence, and electron microscopy. Light
microscopy showed membranoproliferative glomerulonephritis
with nodular mesangial expansion, and infiltrating mononuclear
and polymorphonuclear leukocytes (Figures 1A–C).
Immunofluorescence showed positive staining for C3 (3+)
and k-light chain (3+) involving glomerular capillary walls
and the mesangium, with negative staining for λ-light chain
and for heavy chain, performed both on frozen material
(Figures 2A–C) and on formalin-fixed paraffin embedded
tissue after protease digestion (not shown). Ultrastructural
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FIGURE 1 | Light microscopy findings in patient #1: first biopsy showed membranoproliferative glomerulonephritis with focal mesangial nodules, and endocapillary

mononuclear and polymorphonuclear leukocytes (A, PAS; B, PAS; C, Masson Trichrome). The repeat biopsy showed a remarkable reduction of the

membranoproliferative lesions with disappearance of the capillary leukocyte infiltration and persistent mesangial expansion (D, PAS; E, PAS; F, Masson Trichrome).

evaluation highlighted subendothelial and mesangial electron
dense deposits, with no deposits along the tubular basement
membranes (Figures 3A–C).

The patient was treated with 6 cycles (cycle length = 28
days) of cyclophosphamide-bortezomib-dexamethasone regimen
(CBD, also referred to as CyBorD or VCD) and received:
cyclophosphamide 350mg per os on days 1, 8, 15 + bortezomib
1.3 mg/m2 subcutaneously on days 1, 8, 15, 22+ dexamethasone
20mg per os on days 1, 8, 15. Then, he received 3 cycles (cycle
length = 28 days) of bortezomib-dexamethasone regimen (VD):
bortezomib 1.3 mg/m2 subcutaneously on days 1, 8, 15, 22 +

dexamethasone 20mg per os on days 1, 8, 15. She also received
acyclovir and trimethoprim-sulfamethoxazole prophylaxis for

12 months. No adverse effects related to the cytotoxic therapy
were observed.

Renal biopsy was repeated after 12 months which showed:
a remarkable reduction of the membranoproliferative lesions
with disappearance of the capillary leukocyte infiltration and
persistent mesangial expansion (Figures 1D–F); substantial
negative staining for C3 and k and λ-light chain (Figures 2D–F);
complete disappearance of the subendothelial and mesangial
deposits on ultrastructural examination (Figures 3D–F).

The laboratory investigations at 12 and 24 months showed
substantial renal function improvement, and normalization of
proteinuria, serum k/λ free light chain concentration, and
hemoglobin levels (Table 1).
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FIGURE 2 | Immunofluorescence findings in patient #1: the first biopsy

showed bright positivity (3+) for C3 (A) and k-light chain (B) involving the

glomerular capillary walls and the mesangium, while it resulted negative for

λ-light chain (C). The repeat biopsy showed substantial negative staining for

C3 (D) and k and λ -light chain (E, F).

Case 2
A 71 year old man with a history of recent onset hypertension
presented to the hospital for evaluation of moderate renal failure
(eGFR = 37 ml/min per 1.72 m2) and proteinuria (1.5 g/d)
discovered 4 months earlier.

On presentation, he was mildly tachypneic (oxygen saturation
90% while breathing ambient air) and had moderate lower
limb edema. Laboratory investigations showed (Table 1): severely
reduced eGFR (10 ml/min per 1.73 m2), nephrotic proteinuria
(7.0 g/d) and microscopic hematuria with red blood cell
casts in the urine sediment; mild hypocalcemia; normal
complement levels; negative cryoglobulins; moderately reduced
total protein and immunoglobulin G levels; normocytic anemia
(hemoglobin, 10.5 g/dl); a small amount (<10%) of λ

monoclonal immunoglobulin on serum immunofixation (k/λ
ratio= 2.1), with negative urine immunofixation.

Real-time ultrasound-guided percutaneous renal biopsy was
performed, followed by bone marrow aspirate and biopsy.

Renal tissue specimens were examined by light microscopy,
immunofluorescence, and electron microscopy. Light
microscopy showed membranoproliferative glomerulonephritis
with nodular mesangial expansion, occasional protein thrombi

FIGURE 3 | Electron microscopy findings in patient #1: the first biopsy

showed subendothelial (A, original magnification, x3900) and mesangial (B,

original magnification, x2950) electron dense deposits, while no deposits were

seen along the tubular basement membranes (C, original magnification,

x2950). The repeat biopsy showed complete disappearance of the

subendothelial and mesangial deposits. (D, original magnification, x2200; E,

original magnification, x6610; F, original magnification, x8900).

and numerous endocapillary infiltrating mononuclear
and polymorphonuclear leukocytes (Figures 4A–C).
Immunofluorescence demonstrated positive, coarsely granular,
staining for C3 (3+), IgG (2+), C1q (1+) and λ-light chain
(3+) involving glomerular capillary walls and, occasionally,
the mesangium, with negative staining for k-light chain
(Figures 5A–C). Ultrastructural evaluation showed large
subendothelial, intramembranous, and mesangial electron dense
deposits composed of microtubules (27–30 nm) with hollow
centers, organized in parallel arrays (Figures 6A–C) consistent
with immunotactoid glomerulonephritis.

Bone marrow aspirate and biopsy were examined by light
microscopy, immunohistochemistry, and flow cytometry, and
only showed 6% λ-restricted plasma cells.

Frontiers in Medicine | www.frontiersin.org 4 December 2020 | Volume 7 | Article 58734532

https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles


Quattrocchio et al. Bortezomib-Based Therapy in MGRS

FIGURE 4 | Light microscopy findings in patient #2: the first biopsy showed membranoproliferative glomerulonephritis with nodular mesangial expansion, and

infiltrating mononuclear and polymorphonuclear leukocytes (A, PAS; B, Masson Trichrome; C, wide deposits along the glomerular basement membranes appear pink

on AFOG staining). The repeat biopsy showed a remarkable reduction of the membranoproliferative lesions with disappearance of the capillary leukocyte infiltration

and persistent mesangial expansion (D, PAS; E, Masson Trichrome; F, small mesangial deposits on AFOG staining).

The patient was treated with four cycles (cycle length = 28
days) of cyclophosphamide-bortezomib-dexamethasone regimen
and received: cyclophosphamide 200mg per os on days 1, 8, 15
+ bortezomib 1.3 mg/m2 subcutaneously on days 1, 8, 15, 22 +

dexamethasone 20mg per os on days 1, 8, 15. Then, he received
5 cycles (cycle length = 28 days) of bortezomib-dexamethasone
regimen: bortezomib 1.3 mg/m2 subcutaneously on days 1, 8,
15, 22 + dexamethasone 20mg per os on days 1, 8, 15. He also
received isoniazid prophylaxis for 6 months due to a positive
QuantiFERON-TB Gold test result and acyclovir prophylaxis for
12 months. No adverse effects related to the cytotoxic therapy
were observed.

Renal biopsy was repeated after 12 months and showed
a significant reduction of the membranoproliferative lesions,

disappearance of the capillary leukocyte infiltration and of
the protein thrombi, and persistent but less evident nodular
mesangial expansion (Figures 4D–F). On immunofluorescence
there was less evident glomerular capillary wall and mesangial
staining for C3 (2+) with complete disappearance of λ-
light chain deposition (Figures 5D,E). Electron microscopy
demonstrated nearly complete disappearance of the
subendothelial, intramembranous and mesangial electron
dense, microtubular deposits (Figures 6D–F).

The laboratory investigations at 12 and 24 months
showed substantial renal function improvement,
and normalization of proteinuria, serum k/λ free
light chain concentration, and calcium levels
(Table 1).
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FIGURE 5 | Immunofluorescence findings in patient #2: the first biopsy

showed positive, coarsely granular, staining for C3 (3+), IgG (2+/3+, A), C1q

(1+) and λ-light chain (3+, B) involving glomerular capillary walls and,

occasionally, the mesangium, while it resulted negative for k-light chain (C).

The repeat biopsy showed less evident glomerular capillary wall and mesangial

staining for C3 (2+, D) with complete disappearance of λ-light chain

deposition (E).

DISCUSSION

The clinical presentation of MGRS is broad and encompasses
variable combinations of proteinuria, hematuria, acute or chronic
renal insufficiency, hypertension, and hypocomplementemia (2,
4). Similarly, the histological patterns of kidney involvement
in MGRS may be extremely complex and heterogeneous
and can result from the direct deposition of nephrotoxic
monoclonal immunoglobulin or its fragments as well as
from indirect mechanisms. Therefore, according to the IKMG
recommendations, kidney biopsy is mandatory for a correct
diagnosis (3). Once an MGRS is diagnosed or suspected on
the basis of renal pathology a detailed hematologic workup is
essential to link the presence of the paraprotein to the associated
renal disease and consequently to better define the most adequate
therapy (7).

In this report, we present two cases of very aggressive
clinical and histological MGRS successfully treated with a
combined chemotherapy regimen. Renal biopsy carried out

FIGURE 6 | Ultrastructural findings in patient #2: the first biopsy showed large

subendothelial, intramembranous, and mesangial electron dense deposits

composed of microtubules (27–30 nm) with hollow centers, organized in

parallel arrays (A, original magnification, x39000; B, original magnification

x15500; C, original magnification, x15500). The repeat biopsy showed the

nearly complete disappearance of the subendothelial, intramembranous and

mesangial electron dense, microtubular deposits (D, original magnification,

x1650; E, original magnification, x3900; F, original magnification, x11500:

small occasional residual deposits).

on the first patient showed proliferative glomerulonephritis
with monoclonal k-light chain and C3 deposits. It should
be emphasized that the texture of the staining was granular
and not linear as observed in monoclonal immunoglobulin
deposition disease (MIDD). This case represents monoclonal
immunoglobulin-associated proliferative glomerulonephritis
characterized by the presence of only monotypic light
chain without associated heavy chain. The monoclonal
immunoglobulin often includes heavy-chain IgG, less commonly
IgM or rarely IgA, with k or λ-light chain restriction. Rarely
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only heavy or light chain may be evident (8). Very recently a
series of 17 patients with proliferative glomerulonephritis with
deposition of monoclonal immunoglobulin light chain only
(PGNMID-light chain) has been described (9). In this series,
by immunofluorescence, deposits were composed of restricted
light chain (kappa in 71% of cases) and C3, as in our patient.
Furthermore, patients with PGNMID-light chain showed higher
frequency of a detectable pathogenic plasma cell clone and of
abnormal serum free light chain compared to PGNMID with IgG
deposits, supporting in these cases the necessity of bone marrow
evaluation, including flow cytometry and immunohistochemical
analysis (10). The second patient showed immunotactoid
glomerulopathy. Both patients presented with renal failure and
subnephrotic or nephrotic proteinuria, both had <10% plasma
cells in their bone marrow biopsy, and neither of them had
myeloma-defining events. In one patient a scanty amount of k
free light chain was detected in urine immunofixation, and in
the other a small amount of λ monoclonal immunoglobulin was
found on the serum immunofixation. The case report regarding
the first patient has been published in part in the Giornale
Italiano di Nefrologia (11).

The treatment of MGRS is directed at the underlying
B-cell or plasma cell clones and is based on a combination
of various chemotherapy agents, aiming to preserve
kidney function and prevent recurrence after kidney
transplantation (7, 12–14). Autologous stem cell transplant
may benefit selected patients (14). No formal guidelines
exist for this disease and different regimens have
been described. However, expert opinion/consensus-
based treatment decisions can guide clinical practice
(7, 15–18).

Based on the good results reported in different histological
patterns of MGRS (7, 12–20), we decided to employ a
bortezomib-based regimen, directed against the pathologic
clone. Bortezomib is a proteasome inhibitor with a
non-renal metabolism. Other proteasome inhibitors are
currently available, but bortezomib has the most robust
data in the treatment of MGRS. Therefore, both patients
received a 9-month course of combined bortezomib-
based chemotherapy. It is worth noting that patient
2 showed rapid improvement of renal function and
proteinuria, so we decided to only administer four cycles
of cyclophosphamide (instead of six) to reduce the risk of
tuberculosis reactivation, due to his positive QuantiFERON-TB
Gold test result.

The chemotherapy regimen resulted in substantial renal
functional improvement, complete normalization of proteinuria
and disappearance of serum and urine clones in both patients.
We decided to repeat the renal biopsy after 12 months to
evaluate the histological evolution of the kidney injury and
to define the need for further treatment. The repeat biopsies
actually showed a dramatic improvement of the proliferative
lesions and the complete disappearance of the capillary wall and
mesangial deposits, suggesting a very good histological response

to the regimen we employed, therefore no further chemotherapy
was prescribed.

The laboratory investigations at 24 months confirmed
complete biochemical remission. No adverse effects
were reported.

These two cases suggest that targeting plasma cell clones
responsible for producing a paraprotein causing kidney injury
may be an appropriate strategy when treating patients with
MGRS, regardless of the histological pattern of renal disease.
It is worth noting that while treatment with bortezomib-based
regimens is commonly adopted in monoclonal gammopathy
associated proliferative glomerulonephritis (7, 12–20), such
regimens are only occasionally reported in MGRS with an
immunotactoid pattern (21), where anti-CD20 therapy is
frequently adopted as many cases are related to a B cell
proliferative disorder. In our two patients the bortezomib-based
regimen was probably very effective at least in part because of the
presence of a mildly increased number of plasma cells in bone
marrow biopsies.

A major strength of this report is that it is the first to
include MGRS repeat renal biopsies at the end of therapy. Re-
examination of histology may be useful in providing insight into
the evolution of kidney injury, as well as in guiding the decision
about further therapeutic approaches or, as in our two patients,
in supporting discontinuation of therapy.

MGRSmay be a progressive disease that, if untreated, can lead
to end stage renal failure and recur after renal transplantation
(2, 13, 15, 20). No randomized controlled trials exist to guide the
optimal approach to therapy, but bortezomib-based regimens are
frequently used.

In our two patients with aggressive renal disease, combination
therapy of bortezomib, cyclophosphamide and dexamethasone
proved to be extremely effective and safe.
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Integrins are transmembrane receptors that function as noncovalent heterodimers that 
mediate cellular adhesion and migration, cell to cell communication, and intracellular 
signaling activation. In kidney, latency associated peptide-transforming growth factor β 
(TGF-β) and soluble urokinase plasminogen activator receptor (suPAR) were found as the 
novel ligands of integrins that contribute to renal interstitial fibrosis and focal segmental 
glomerular sclerosis glomerulosclerosis (FSGS). Interestingly, recent studies revealed that 
integrins are the compositional cargo of exosomes. Increasing evidence suggested that 
exosomal integrin played critical roles in diverse pathophysiologic conditions such as 
tumor metastasis, neurological disorders, immunology regulation, and other processes. 
This review will focus on the biology and function of exosomal integrin, emphasizing its 
potential role in kidney disease as well as its implications in developing novel therapeutic 
and diagnosis approaches for kidney disease.

Keywords: exosome, integrin, extracellular vesicle, kidney disease‐diagnosis, kidney disease‐therapy

INTRODUCTION

Integrins are transmembrane receptors that function as noncovalent heterodimers. There are 
24 distinct integrin receptors that can recognize and bind to multiple ligands such as extracellular 
matrix (ECM) proteins, thereby mediating cell adhesion and intracellular signaling (Moreno-
Layseca et al., 2019). Other novel ligands include latency associated peptide-transforming growth 
factor β (L-TGF-β) and soluble urokinase plasminogen activator receptor (suPAR) were found 
to bind to integrin and participated in the pathogenesis of kidney disease. Moreover, activated 
integrins on diverse kidney cells in pathological conditions participated in macrophage and 
fibroblast activation which played important roles in diverse kidney diseases.

Exosomes are small extracellular vesicles (EVs) secreted by nearly all types of cells which 
are originally considered to be the garbage bins of cells to excrete unwanted materials (Johnstone 
et  al., 1987). Recently, accumulating studies have demonstrated that exosomes participated in 
crosstalk between cells and also mediated communications between organs. Moreover, exosomes 
can serve as vectors of therapeutics and facilitate disease diagnosis in a noninvasive way 
(Kalluri and LeBleu, 2020). Interestingly, integrins are revealed as the important compositional 
components of exosomes which take responsibility for those novel functions of exosomes.

The diverse pathophysiological roles of exosomal integrins varied from guiding the homing 
of exosomes (Hoshino et  al., 2015), signal transmission (Kalappurakkal et  al., 2019), causing 
phenotype transition of recipient cells (Lu et  al., 2018) to cell adhesion (Genschmer et  al., 
2019) and migration (Sung et  al., 2015). Although studies have revealed essential roles of 
exosomal integrin in oncology, neurology, and immunology, its role in kidney pathophysiology 
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remains unclear. Thus, exploring the role of exosomal integrin 
in kidney disease would be  helpful in understanding the 
mechanism of kidney disease and identifying novel diagnosis 
and treatment strategies. Here, we  review the biology and 
functions of integrin as well as integrin carried by exosomes. 
Pathophysiologic roles of exosomal integrin in diverse diseases 
are also discussed, especially the role and potential applications 
in therapy and diagnosis of kidney diseases.

BIOLOGY AND FUNCTION OF INTEGRIN

Structure and Endocytic Trafficking of 
Integrin
Integrins are transmembrane heterodimers which express 
conservatively in almost all cell types. Integrin family was initially 
discovered on immune cells and mediates leukocyte extravasation 
by binding to intercellular cell adhesion molecule-1 (ICAM-1) 
on vascular endothelial cells (capturing intravenous immune 
cells) (Dustin, 2019). Integrins display three distinct conformations 
(bent, extended close, and extended open), while the activity 
is usually observed in the extended conformation (Campbell 
et al., 2020). Integrins can be categorized into 24 subtypes formed 
by 18 types of α subunits and eight types of β subunits. Among 
them, integrin αv, α6, and β1 are known for pairing with diverse 
subunits (Moreno-Layseca et  al., 2019). Each integrin subunit 
contains a large extracellular domain, single-time transmembrane 
domain, and often rather short cytoplasmic domain (Humphries 
et  al., 2006). Studies have shown that certain integrin subtypes 
are expressed on specific tissue or cell or bind to certain types 
of cells. For example, integrin β6 is expressed in a few subset 
of epithelial cells (Breuss et al., 1993). Integrin α6β1 and integrin 
α6β4 targeted to lung fibroblast while integrin αvβ5 targeted 
liver Kupffer cell (Hoshino et  al., 2015). However, the dominant 
subtype and the abundance of integrin in a specific cell type 
could change under certain injury conditions. For example, the 
dominant integrin subtype in podocyte is α3β1 (Kreidberg et al., 
1996), while it changes into αvβ3 under focal segmental 
glomerulosclerosis (FSGS) situation (Hayek et  al., 2017).

Although the expression levels of integrin are quite stable 
in certain cells and tissues, they are continuously trafficking 
from cytoplasm to surface membrane by diverse complex pathways 
including the Rab family of small GTPase (Moreno-Layseca 
et  al., 2019). This process includes integrin endocytosis into 
early endosome which then traffic to late endosome and recycle 
to the cell surface, or alternatively transport to multivesicular 
bodys (MVBs) and subsequent lysosome for degradation (Rainero 
and Norman, 2013). Generally, majority of endocytic integrins 
travel back to the cell surface while small fractions target to 
degradation (De Franceschi et  al., 2015). Interestingly, integrin 
endocytic trafficking process shares a common intracellular 
structure, MVBs, with exosome (Rainero and Norman, 2013), 
thus integrins could also be  transported via exosome which 
has been demonstrated in recent studies. A study using gene 
ontology (GO) and Kyoto Encyclopedia of Genes and Genomes 
(KEGG) pathway analyses also revealed a correlation between 
integrin signaling and exosome secretion (Zhang et  al., 2020).

Ligands of Integrin
Tremendous efforts have been invested in integrin ligand discovery, 
the well-known integrin ligands belong to ECM proteins, newly 
identified ligands include L-TGF-β compound and suPAR 
(Humphries et  al., 2006; Campbell et  al., 2020; Hayek et  al., 
2020). According to the binding motif on the ligand, integrins 
can be classified into five types, among which, the most common 
type is RGD-binding integrins which belong to αv integrins. 
Thus, studies have been using RGD peptide to inhibit integrin 
αv subtype binding (Hoshino et  al., 2015). Although multiple 
ligands have been discovered, most of which are non-specific 
ligands that can bind to more than one types of integrins and 
mediate cell-cell adhesion in integrin A-ECM-integrin B format 
(Sung et  al., 2015). This suggests that in studying of integrin 
function under certain conditions, not only specific ligands but 
also the existence of other integrin subtypes should be considered.

Biological Functions of Integrins
Integrins bare different biological functions according to their 
diverse localizations throughout the body including cellular adhesion 
and migration, regulation of cellular phenotypes, cell to cell 
communication, and intracellular signaling activation (Table  1).

Integrins were first reported as adhesion molecule in the 
immune system (Springer, 1990), which represented the basic 
function of integrins. Many studies have revealed that integrins 
mediated adhesion between cells or cell to ECM. In kidney, 
tubular epithelial cells bind to each other on the lateral surface 
through integrins and bind to ECM on the basal surface by 
integrins as well (Glynne et  al., 2001). Integrins and ECM 
interaction is also important for cells that underwent polarization 
during differentiation. Studies have showed that integrin β1 
connects ECM and cytoskeletal protein on one side of the 
cell, which then forms the basal membrane of cells during 
polarization, such as epithelial cells and endothelial cells (Lee 
and Streuli, 2014; Moreno-Layseca et  al., 2019). Besides, 
dysregulation of integrin or redistribution have a great impact 
on cellular apical and basal polarization under injury or 
cancerization (Glynne et  al., 2001; Liu et  al., 2018a).

Moreover, integrins are associated with certain cellular 
phenotype and function under pathological conditions. In 
contrast to associated nephropathy, integrin αvβ6 increased in 
injured tubular cells, while remains at low baseline level in 
normal tubules. Interestingly, injured tubular cells with high 
integrin were able to bind with suPAR which caused further 
damage (Hayek et  al., 2020). Integrins also participate in 
regulation of cell cycle in numerous pathways as determined 
by various in vitro and in vivo studies. Integrin β1, β3, and 
other subtypes have been well demonstrated to be  involved 
in cellular proliferation (Panchatcharam et  al., 2010; Moreno-
Layseca and Streuli, 2014; Raven et al., 2017). Integrins mediate 
the local niche signal which forms spatial checkpoints that 
enable cells progress into S phase to proliferate. Reversely, 
some integrin subtypes or isoforms could prevent cells from 
progressing into cell cycle, thus inhibiting proliferation, such 
as integrin α6Bβ6 in colon cancer cells (Dydensborg et al., 2009).

Ligand-integrin binding leads to signaling activation 
intracellularly, including focal adhesion kinase (FAK), RhoA 
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signaling, and Glycosylphosphatidylinositol-anchored proteins 
(GPI-APs) nanoclustering (Kalappurakkal et  al., 2019). These 
signals can then activate downstream processes. For example, 
integrin αvβ3 can regulate angiogenesis (Danhier et  al., 2012) 
by promoting HIF-1α expression and subsequent endothelial-
mesenchymal transition (EndoMT; Fan et al., 2018). Importantly, 
recent studies suggested that the immobilization of integrin-
binding ligand and integrin conformation was essential to integrin 
activation (Kalappurakkal et  al., 2019; Campbell et  al., 2020).

INTEGRINS AS COMPOSITIONAL 
CARGO OF EXOSOMES

Exosomes belong to small EVs with the size of less than 200 nm. 
It is excreted into extracellular space and can transfer mRNA, 
miRNA, lipid, and protein to receptor cells, therefore, mediating 
crosstalk with neighbor and remote cells (Valadi et  al., 2007; 
Paolicelli et  al., 2019; Lv et  al., 2020). Exosomes share most of 
the compositions from the parent cells with certain cargoes selectively 
sorting into the vesicles. Multiple proteomic studies on exosomes 
have revealed that proteins that usually present include both 
membranous protein and luminal protein (van Niel et  al., 2018). 
Notably, integrins are the commonly identified exosome related 
proteins sorted from the parent cell. Integrin can be  transported 
by exosomes in tumor (Quaglia et  al., 2020), the central nervous 
system (Zhang et  al., 2020) or the immune system (Genschmer 
et  al., 2019). As the common compositional cargo of exosomes, 
integrins were identified as one of the critical functional cargoes 
of exosomes in different pathophysiological conditions.

PATHOPHYSIOLOGIC ROLES OF 
INTEGRINS TRANSPORTED BY 
EXOSOMES

Exosomal integrin is a versatile form that functions actively 
in different pathophysiological conditions (Table  2) which 

attributed to guiding the homing of exosomes, signal transmission, 
phenotype transition of the recipient cells, and cell adhesion 
and migration (Figure 1). Here, the roles of exosomal integrins 
in tumor, neurological disorders, immunology, and other diseases 
were discussed.

Tumor Formation, Progression and 
Metastasis
In recent years, the role of exosomes in mediating tumor formation 
and progression has been well studied (Li et  al., 2019), integrins 
are among the important cargoes contributing to the process. It 
is reported that integrin αvβ3 containing small EVs from prostate 
cancer cells was transferred to recipient cancer cells which induced 
aggressive phenotype changes (Quaglia et  al., 2020). Cancer cell 
migration was proved to be  mediated by autocrine secretion of 
exosomes. Fibrosarcoma cells-derived exosomal integrins and 
fibronectin forms adhesion assembly that mediated adhesion 
between cell and ECM, therefore, promoted cell motility with 
specific directions (Sung et  al., 2015). Fibronectin was coated 
on exosome through binding with exosomal integrin, which then 
anchor to cell membrane on one side and ECM on the other 
and contributed to cellular adhesion (Sung et al., 2015). Moreover, 
it is demonstrated that exosomes transfer integrin αvβ6 from 
cancer cells to monocytes, which promoted M2 monocyte 
polarization and prostate cancer progression (Lu et  al., 2018).

Besides, integrins on tumor-derived exosomes can determine 
organotropic metastasis by forming tumor microenvironment 
(TME) in specific organ tissues as they uptake the exosomes 
(Hoshino et  al., 2015). They demonstrated the specific integrin 
subtype directed organotropic metastasis for the first time, such 
as integrins α6β4 and α6β1 mediated lung metastasis, while 
integrin αvβ5 mediated liver metastasis (Hoshino et  al., 2015). 
The targeting properties of exosomal integrin were attributed 
to the activation of the Src-S100A4 axis (cancer associated 
genes) by exosomal ITGα6β4  in lung fibroblasts during 
pre-metastatic niche formation (Hoshino et  al., 2015). These 
findings indicated the great therapeutic potential by targeting 
certain integrin subtype that was involved in tumor metastasis.

TABLE 1  |  Expression and function of major integrin subtypes.

Integrin subtype Expression Function Reference

αvβ3
podocytes, endothelial, and cancer stem 
cells

Bind to suPAR, promote FSGS, cancer 
progression

Hayek et al., 2017; Nieberler et al., 2017

αvβ6 epithelial cells and tumor cells
Activate TGF-β1, tumor progression, and 
metastasis

Breuss et al., 1993; Nieberler et al., 2017

αvβ8
kidney glomerular mesangial cells, brain, and 
placenta

Activate TGF-β1, inhibit cell growth, 
spreading, and focal contact formation

Cambier et al., 2000; Campbell et al., 2020

β1 multiple cell types
Cell adhesion, maintain cell polarity, regulate 
cell proliferation, and cell cycle

Liu et al., 2018a; Kormann et al., 2020

α3β1
kidney tubular epithelial cells, glomerular 
endothelial cells, and podocytes

Kidney development and cell anchorage Kreidberg et al., 1996; Glynne et al., 2001

α4β1 reticulocytes Blood vascular related disease progression Rieu et al., 2000

α5β1 endothelial cells and cancer stem cells
Vascular morphogenesis, cancer, and 
metastasis

Zovein et al., 2010; Nieberler et al., 2017

α6β1 ureteric bud
Maintains the structural integrity of the 
kidney collecting system

Viquez et al., 2017

α6β4 cancer cells and epithelial cells Lung organotropic metastasis Hoshino et al., 2015

39

https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Shen et al.	 Exosomal Integrin in Kidney

Frontiers in Physiology | www.frontiersin.org	 4	 January 2021 | Volume 11 | Article 627800

Neurological Disorders
Exosomal integrins participate in the development of neurological 
disorders and are active in multiple trans-cellular communication 
processes. Proteomic analysis proved that integrin αvβ3 was 
upregulated in interleukin-1β (IL-1β) stimulated astrocyte-derived 
EVs (ADEV) and significantly increased uptake of ADEV in 
neurons, while integrin αvβ3 blocking partially suppressed this 
process (You et  al., 2020). Exosomal integrins also contributed 
to the recovery of central nervous system (CNS) degenerative 
diseases, which was associated with the proliferation of 
oligodendrocyte precursor cells (OPCs; Zhang et  al., 2020). 
Moreover, in therapeutic studies, macrophage derived exosome 
contained the integrin subtype lymphocyte function-associated 
antigen 1 (LFA-1). This facilitated macrophage derived exosome 
to overcome the blood-brain barrier and deliver therapeutic 
protein cargos specifically to treat CNS diseases (Yuan et al., 2017).

Immunology Regulation and Others
Integrin was first discovered as adhesion molecules in immune 
cells that mediated extravasation (Springer, 1994). Similar to 
forming TMV for tumor metastasis, exosomal integrins were 
also involved in immune cell homing (Myint et  al., 2020). 
Study showed that integrin α4β7 on T cell-derived exosomes 
guided the exosomes homing to the intestine through binding 
to mucosal addressin cell adhesion molecule-1 (MAdCAM-1; 
Mora et al., 2003). On the other hand, integrin α4β7-expressing 
T cell exosomes could suppress MAdCAM-1 expression which, 
therefore, inhibited subsequent lymphocyte homing to the 
gut (Park et  al., 2019).

Besides, activated polymorphonuclear leukocyte (PMN) 
derived exosomes were capable of targeting ECM through 
MAC-1 (αMβ2 integrin). This caused activation of neutrophil 
elastase (NE) that was coated on exosomes and lead to ECM 
degradation (Genschmer et  al., 2019). Moreover, during 
reticulocyte maturation, integrin α4β1, that expressed commonly 
on the surface of reticulocyte, was cleared from the reticulocyte 
through exosome secretion. This reduced the risk of blood 
circulation complications, such as sickle-cell anemia, caused 
by integrin α4β1 on reticulocytes (Rieu et  al., 2000).

INTEGRINS IN KIDNEY DISEASES

Integrins Expression in Renal Cells
Studies have revealed that integrins are expressed on various 
types of cells in the kidney including tubular epithelial cell 
(TECs) (Zhu et  al., 2020), fibroblast (Bon et  al., 2019), and 
podocyte (Hayek et  al., 2017).

Tubular epithelial cells are the primary cellular component 
of kidney which is susceptible to diverse injuries (Liu et  al., 
2018b). TECs express αv and β1 integrins under normal 
conditions (Bon et  al., 2019), while integrin αv, β1, and β6 
are the dominant subtypes with injury (Hayek et  al., 2020). 
ITGβ6 (gene of integrin β6) was rarely identified in normal 
TECs but rapidly increased in the format of αvβ6 subtype 
under injury. Moreover, a study of clinic kidney biopsy concluded 
that integrin β6 was elevated in the distal tubules in diverse 
diseased and transplanted kidney (Trevillian et al., 2004). Highly 
expressed β1 integrins are known to be  involved in epithelial 
cell polarization which traffic from basal membrane to apical 
membrane under injury (Glynne et al., 2001). This could result 
in detachment of TECs from basal ECM and impairment of 
polarization, which caused further injury of tubules and 
dysregulation of cell secretion, since integrins played a key 
role in delivering molecules to the right subcellular compartments 
(Moreno-Layseca et  al., 2019).

Fibroblasts are one of the main cellular components in 
renal interstitial fibrosis, they can migrate to damaged site, 
transform into myofibroblasts, and produce ECM. Fibroblasts 
normally express integrin α1, α4, α5, and β1 and turn into 
integrin α5, β1, and αv under fibrosis situations (Norman 
and Fine, 1999), among which integrin αv was the dominant 
type (Bon et  al., 2019). Integrin α5 facilitates fibroblasts 
migration through binding to ECM (Lobert et  al., 2010). 
Interestingly, integrin αv expressed by fibroblasts binds to 
latent-TGF-β and stimulates subsequent tissue fibrosis 
(Henderson et  al., 2013). This relation between integrin and 
fibroblasts also presents in other organs such as colon (Peng 
et  al., 2018), skin (van Caam et  al., 2020), lung, liver (Reed 
et  al., 2015), and pancreatic duct (Cavaco et  al., 2019).

TABLE 2  |  Diverse functions of exosomal integrin.

Diseases/process Pathophysiologic role of exosomal integrin Reference

Oncology
Tumor metastasis Organotropic metastasis and tumor microenvironment formation Hoshino et al., 2015
Prostate cancer Cell migration and induce integrin expression through uptake of exosomes Fedele et al., 2015
Prostate cancer Macrophage polarization and transferring αvβ6 integrin from cancer cells to monocytes 

through exosomes
Lu et al., 2018

Prostate cancer Determined cargo loading of exosomes which promoted cancer cell formation Quaglia et al., 2020
Fibrosarcoma Promoted cell migration Sung et al., 2015
Neurology

Demyelination Oligodendrocyte precursor cells proliferation Zhang et al., 2020
CNS diseases Therapeutic protein delivery, exosome uptake, and spread of viral proteins to the brain Yuan et al., 2017
Pulmonary

COPD Mediated exosome adhesion to extracellular matrix Genschmer et al., 2019
Gut

lymphocyte homing Exosomal integrin α4β7 target high endothelial venule (HEV) endothelial cells causing 
diminish in lymphocyte homing niche

Myint et al., 2020
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Podocytes are special for their foot processes and integrin 
α3 plays a critical role in its maturation. In vivo study showed 
that the mutation of murine integrin α3 gene caused abnormal 
kidney and lung development (Kreidberg et  al., 1996). Studies 
reported that activated β3 integrin on podocytes could initiate 
FSGS pathology in a suPAR-APOL1-integrin αvβ3 tripartite 
complex dependent manner. The underlie mechanisms included 
autophagosomes formation, actin cytoskeleton dysregulation, 
and cell detachment (Wei et  al., 2011).

Novel Roles of Integrins in Kidney Disease
Recent studies have showed that integrins bind with novel 
molecules and drive subsequent signaling pathways, including 
TGF-β and suPAR. Distinct integrins bind with latent-TGF-β 
which activates TGF-β and downstream signals, such as Smad2/3. 
These signals can promote interstitial fibrosis in chronic kidney 
disease (CKD; Meng et al., 2016) and suppress TEC proliferation 
after injury in acute kidney injury (AKI; Yang et  al., 2019). It 
was demonstrated that the increased TGF-β signaling was initiated 
in the early stage of AKI which continuously expressed during 
recovery stage. TGF-β expression in the tubules was companied 
by integrin β6 and lead to subsequent interstitial fibrosis (Geng 
et  al., 2012). In this regard, integrins may play a prominent 
role in AKI to CKD transition by activation of TGF-β.

Unlike ECM or TGF-β, suPAR is not stabilized, it is the 
released version of the podocyte urokinase receptor (uPAR), 

which function as the cellular receptor for urokinase. suPAR 
exists in the circulatory system and its increased concentration 
is associated with acute (Hayek et al., 2020) and chronic kidney 
injuries (Hayek et  al., 2017). Several studies have reported 
that suPAR primarily binds with β3 integrin on the surface 
of podocytes (Wei et  al., 2011) by way of a tripartite complex 
of suPAR-APOL1 risk variants-integrin β3 (Hayek et al., 2017). 
Meanwhile, suPAR bind to TECs through integrin β6 under 
injured conditions and activated Rac1, which bound to SRp40 
at the 5′ end of exon 7  in versican pre-mRNA. Versican then 
resulted in subsequent fibroblast activation and promoted 
interstitial fibrosis by activating the CD44/Smad3 pathway (Han 
et  al., 2019). Moreover, suPAR could bind to integrin β1 and 
β2 which promoted inflammation and tumor progression (Simon 
et  al., 2000).

Potential Function of Exosomal Integrins 
in Kidney Disease
Studies from our group and others have demonstrated that 
TEC released exosomes mediated cross-talk with fibroblasts 
(Guan et  al., 2020) and macrophages (Lv et  al., 2020) which 
contributed to renal inflammation and fibrosis. However, the 
traveling direction of TEC exosomes to specific cells remains 
largely unknown. Since integrins are the common compositional 
cargoes of exosomes, it is reasonable to speculate that integrin 
may be  critical for directing the fate of the exosomes. Indeed, 

A B

C

D

E

FIGURE 1  |  Novel functions of exosomal integrin. Exosomal integrin played diverse roles in different disease conditions including guiding the homing of exosomes, 
signal transmission, cellular phenotype transition, and cellular adhesion and migration. (a) Exosome cargoes such as miRNA and protein can be delivered to neigbor 
and distant cells, while specific type of exosomal integrin can guide the vesicles to specific cells through integrin-ligand recognition. (b) Integrin-ligand interatction 
could activate intracellular signals, for example FAK and ERK-1/2, which initiate relevant gene translation. (c) Apart from intracellular signaling, endocytosis of specific 
exosomal integrin could also cause cellular phenotype transition of the receipient cells. (d) Exosomal integrin mediated exosome adhesion to extracellular matrix 
(ECM) through integrin-ECM binding. (e) Moreover, ECM, for example, fibronectin, could be coated on exosome through a process involving endocytosis of integrin 
αvβ1-fibronectin complex which then sorted into MVEs. FN-coated exosomes secreted and bind to collagen fibrils, which can then coupled to cellular integrin 
receptors. This adhesion ensures the stable adhesion to ECM during migration. CNS, central nervous system; COPD, chronic obstructive pulmonary diseases; 
MVEs, multivesicular endosomes.
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our study showed that integrin αLβ2 (LFA-1) and α4β1 (VAL-4) 
on exosomes enabled them to adhere to the inflamed kidney 
(Tang et  al., 2019). Thus, integrin on exosomes may be  critical 
for guiding the traveling of TECs exosomes and mediated the 
cross-talk with specific recipient cells. Besides, due to the critical 
role of integrins such as integrin αvβ6 and β1 on TECs, integrin 
carried by exosomes may play an important role in interstitial 
inflammation and fibrosis. Moreover, podocytes express integrin 
β3 that binds with soluble particle suPAR (Wei et  al., 2011), 
thus, podocyte may secrete exosomes with β3 integrins and 
meditate cellular communication in kidney disease.

Since integrin intracellular trafficking shares multiple pathways 
with exosome packing and releasing, integrin may also be involve 
in exosome generation (Rainero and Norman, 2013). Knockdown 
of integrin β4 decreased the concentration of exosomes in the 
cultured OPCs supernatant and the capacity to proliferate, 
while supplement of exosomes reversed this capacity (Zhang 
et al., 2020). This strongly indicated the critical role of integrin 
in exosome generation and function. Therefore, the role of 
integrins in exosomes release and cargo loading for kidney 
cells under pathologic conditions deserve further investigation.

Hence, as the compositional cargo, integrins carried by 
exosome may mediate specific cell-crosstalk which participate 
in the pathophysiological process of the kidney.

INTEGRINS CARRIED BY EXOSOMES IN 
THE TARGET THERAPY AND 
DIAGNOSIS OF DISEASE

Currently, exosome has been demonstrated as the promising 
engineered nanocarriers in therapy of disease due to its low 
immunogenicity, biological barrier permeability, and intrinsic 
targeting properties (Tang et  al., 2020). Studies have showed 
that exosomal integrins may contribute to the properties of 
targeting delivery of exosomes. Integrins naturally expressed on 
exosomes could be used to realize target exosome therapy. Recently, 
it was found that macrophage-derived EV migrated toward 
inflamed endothelial cells which was mediated by integrin αLβ2 
and integrin α4β1 on EVs in kidney (Tang et  al., 2019) and 
brain (Yuan et  al., 2017), respectively. Proteomic analysis of 
macrophage-derived micro vesicle (MV) carried with 
dexamethasone revealed that integrin αLβ2 (LFA-1) and α4β1 
(VAL-4) express distinctly on the surface, which could efficiently 
direct MV to the inflamed kidney through recognizing ICAM-1 
and vascular cell adhesion molecule-1 (VCAM-1) (Tang et al., 2019).

Since exosomal integrins are important for tumor metastasis, 
it might hold promise in targeted drug delivery for tumor 
(Qiao et  al., 2020). It is demonstrated that non-small cell lung 
cancer cells could specifically uptake breast cancer (MDA-MB-
231) cell-derived exosomes (231-Exo), which was loaded with 
mRNA-126 that successfully inhibited lung metastasis in vivo 
(Nie et  al., 2020). This organotropic process was depended on 
integrin β4-exosome that specifically targeted surfactant protein 
C (SPC) on cancer cells. Moreover, EVs can be  engineered 
to express integrin for target therapy. For example, a study 
used click chemistry method to conjugate integrin αvβ3-specific 

cRGD peptides to the surface of exosomes. The results showed 
the engineered exosome efficiently targeted to injured areas 
in the brain (Tian et  al., 2018).

Based on the discovery of disease-specific integrin by various 
exosome proteomic studies, detection of different types of integrin 
carried by exosomes could be  novel biomarkers of diseases. It 
was found that integrin is among the top 100 protein in urinary 
EVs proteomic studies including AKI, FSGS, autosomal dominant 
polycystic kidney disease (ADPKD), etc. (Merchant et al., 2017). 
According to proteomic analysis, integrin on urinary exosomes 
showed strong correlation with kidney diseases. For example, 
integrin signaling was identified as the most canonical represented 
signaling pathways correlated with inherited glomerular diseases 
by way of ingenuity pathway analysis (Hogan et  al., 2014).

CONCLUSIONS AND PERSPECTIVES

Exosomal integrin played diverse roles in different disease 
conditions via mediating intercellular crosstalk. Integrins are 
essential for normal cellular adhesion and polarization, while 
specific pathogenic subtypes of integrins have the potential to 
trigger renal inflammation and fibrosis via activating TGF-β, 
epithelial-mesenchymal transition (EMT) signaling, FAK and 
mitogen-activated protein kinases (MAPKs). However, the role 
of exosomal integrin in kidney disease remains largely unknown. 
Exosomal integrin may contribute to the injury and repair 
processes of kidney disease as the novel format of integrin via 
mediating cellular communication and downstream signaling 
activation. In addition, integrins may also hold the potential 
to participate in intracellular exosome secretion and cargo loading 
which may provide a promising approach for engineering of 
exosome for diagnosis and therapeutic purpose.

The guiding effect of specific exosomal integrin was 
demonstrated in tumor or immune cells. Despite that integrin 
can direct the destination of exosomes, the underlie mechanism 
require further investigation. Nevertheless, the guiding effect 
of exosomal integrin provided an important pathway for 
developing target therapy for kidney diseases. Further 
investigation in the role of diverse exosomal integrin subtypes 
in cellular communication may allow the construction of specific 
targeting exosome for precise treatment of kidney disease.
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Renal involvement is a common and severe complication of AAV as it can cause ESRD.

Histopathological subgrouping and ARRS are helpful to predict long-term ESRD in

patients with AAV. Because a subgroup of critically ill patients with severe AAV present

with deterioration of kidney function requiring RRT at admission, we here aimed to

evaluate histopathological findings and predictive value of Berden’s histopathological

subgrouping and ARRS for severity of AKI and requirement of RRT during the short-term

clinical course in critically ill patients requiring intensive care treatment and predictors

for short-term renal recovery in patients requiring RRT. A subgroup of 15/46 (32. 6%)

AAV patients with biopsy-proven AAV required RRT during the short-term course of

disease, associated with requirement of critical care treatment. While histopathological

subgrouping and ARRS were associated with requirement of acute RRT, presence of

global glomerular scarring was the strongest predictor of failure to recover from RRT after

initiation of remission induction therapy. This new aspect requires further investigation in a

prospective controlled setting for therapeutic decisionmaking especially in this subgroup.

Keywords: autoimmune diseases, systemic vasculitis, inflammation, ANCA-associated vasculitis, acute kidney

injury, renal replacement therapy, intensive care treatment

INTRODUCTION

Anti-neutrophil cytoplasmic antibody (ANCA)-associated vasculitis (AAV) is a systemic vasculitis,
which most frequently presents as microscopic polyangiitis (MPA) or granulomatosis with
polyangiitis (GPA) (1). Renal involvement is a common and severe complication of AAV as it
can cause end-stage renal disease (ESRD) or death (2, 3). Histopathological subgrouping into
four classes (focal, crescentic, mixed, and sclerotic) as defined by Berden et al. was proposed to
predict long-term renal survival rates poorest in the sclerotic class (sclerotic glomeruli above 50%)
(4). Unlike Berden’s classification, Brix et al. suggested the ANCA renal risk score (ARRS) by
incorporation of the baseline glomerular filtration rate (GFR) to the histopathological findings
(percentage of normal glomeruli, tubular atrophy/interstitial fibrosis) to predict ESRD in patients
with AAV (5). Histopathological subgrouping and ARRS were both established for predicting
long-term ESRD over years, but a subgroup of severe AAV presents with acute kidney injury
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FIGURE 1 | Histopathological findings associate with severity of acute kidney injury in severe AAV. (A) Association between requirement of RRT within 30 days after

admission; clinical/laboratory and histopathological findings is shown by a heat map reflecting mean values of Spearman’s ρ, asterisks indicate p < 0.05. (B–G) Cutoff

points on the ROC that maximized Youden’s index were used for cumulative incidence of RRT within 30 days after admission for each parameter. (H,I)

Histopathological subgrouping and ARRS for successful recovery from RRT within 30 days are shown. Analysis was performed using log rank (Mantel–Cox) testing.

ANCA, anti-neutrophil cytoplasmic antibodies; ARRS, ANCA renal risk score; CI, confidence interval; CRP, C-reactive protein; GFR, glomerular filtration rate (CKD-EPI);

HR, hazard ratio; IF/TA, interstitial fibrosis/tubular atrophy; RRT, renal replacement therapy; SAPS II, simplified acute physiology score II; uACR, urinary

albumin/creatinine ratio.
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(AKI) required renal replacement therapy (RRT) during the
initial course of the disease (4, 5). Since severity of AKI,
requirement of RRT, and short-term renal recovery in critically
ill patients are associated with disease severity and clinical course
of disease, predictors for RRT requirement and renal recovery
after initiation of remission induction therapy are of relevance
(6). Therefore, we here aimed to evaluate the histopathological
findings and predictive value of Berden’s histopathological
subgrouping and ARRS for severity of AKI and requirement of
RRT during the short-term clinical course in critically ill patients
requiring intensive care treatment. In addition, we sought to
identify predictors for short-term renal recovery in patients
requiring RRT.

METHODS

Study Population
A total number of 46 patients with biopsy-proven AAV at
the University Medical Center Göttingen were retrospectively
included between 2015 till 2020. While no formal approval was
required for the use of routine clinical data, a favorable ethical
opinion was granted by the local Ethics committee (no. 4/8/19).
A detailed Strengthening the Reporting of Observational Studies
in Epidemiology (STROBE) flowchart of patient disposition is
shown in Supplementary Figure 1A.

Definitions
At admission, the Birmingham Vasculitis Activity Score (BVAS)
version 3 was calculated as described previously (7). The
simplified acute physiology score (SAPS) II and estimated
mortality rates were calculated according to the published
guidelines (8). Requirement of intensive care treatment was
defined at admission and calculated by the time between
admission to the intensive care unit (ICU) or intermediate
care unit (IMC) and relocation to the non-ICU/non-IMC
medical ward; all patients required critical care treatment > 24 h.
RRT was performed intermittently in all cases. Indications
of RRT included serum creatinine ≥ 500 µmol/L, severe
electrolyte and acid–base abnormalities, volume overload, and
encephalopathy. RRT was terminated when the glomerular
filtration rate (GFR) according to CKD-EPI surpassed 15
mL/min/1.73 m2 and there was no hyperkalemia, heart failure,
edema, and encephalopathy. Short-term course of disease was
defined within 30 days after admission; short-term renal recovery
was defined as successful recovery from RRT within 30 days after
RRT initiation.

Renal Histopathology
Renal pathologists (SH and PS) evaluated the biopsies.
Within a kidney biopsy specimen, each glomerulus had
to be scored separately for the presence of necrosis,
crescents, and global sclerosis (Supplementary Figure 2A).
Consequently, the percentage of glomeruli with any
of these features was calculated as a fraction of the
total number of glomeruli in the biopsy. Apart from
these categories, degree of interstitial fibrosis/tubular
atrophy (IF/TA) was quantified. Based on these scorings,

histopathological subgrouping according to Berden et al.
(focal, crescentic, mixed, or sclerotic class) and ARRS
according to Brix et al. (low, medium, or high risk) were
performed (4, 5).

Remission Induction Therapy
Glucocorticoids (GCs) were administered either as intravenous
pulse therapy or orally with a tapering schedule. Plasma
exchange (PEX) was administered during the induction period
at the discretion of treating physicians. Rituximab (RTX) was
administered as four intravenous doses at 375mg/m2 every week;
RTX was not administered within 48 h before PEX treatment.
Cyclophosphamide (CYC) was administered as three intravenous
doses up to 15 mg/kg every 2 weeks and every 3 weeks
thereafter, adjusted for age and renal function. Combination
therapy was administered as four intravenous doses at 375
mg/m2 RTX every week and two intravenous doses at 15
mg/kg CYC every 2 weeks. On the discretion of treating
physicians, choice of remission induction therapy was dependent
on previous regimens and individual patients, more likely to
choose RTX in younger patients with toxicity being the main
reason for this choice (9). Prophylaxis to prevent pneumocystis
(carinii) jiroveci infection was administered according to
local practice.

Statistical Methods
Variables were tested for normal distribution using the
Shapiro–Wilk test. Non-normally distributed continuous
variables are expressed as median and interquartile range
(IQR); categorical variables are presented as frequency and
percentage. Statistical comparisons were not formally powered
or prespecified. For group comparisons, the Mann–Whitney
U-test was used to determine differences in medians. Non-
parametric between-group comparisons were performed
with Pearson’s chi-square test. To establish a cutoff for each
parameter, the ability of prognostic factors to discriminate
groups was evaluated by receiver operator curves (ROC) and
the area under the curve (AUC), as well as sensitivity and
specificity for prediction. An AUC of 1.0 indicates perfect
concordance, an AUC of 0.50 would indicate that the ability
of prognostic factors to discriminate groups is no better than
chance. Sensitivity and specificity were based on selection
of the cutoff point on the ROC that maximized Youden’s
index (sensitivity+specificity-1), comparison of survival
curves was performed with log rank (Mantel–Cox) testing
(10). Data analyses were performed with GraphPad Prism
(version 8.4.0 for MacOS, GraphPad Software, San Diego,
California, USA).

RESULTS

During the short-term course of the disease, 15/46 (32.6%)
patients presented with severe AKI requiring RRT within 30
days after admission (Supplementary Figure 1A). Requirement
for RRT was associated with disease severity reflected by
significantly higher SAPS II at admission, level of intensive
care treatment longer than 24 h, prolonged requirement
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TABLE 1 | Characteristics of patients: requirement of RRT vs. no RRT within 30 days after admission.

RRT (n = 15) No RRT (n = 31) P-value

Median age (IQR)—years 66 (50–76) 63 (53–74) 0.9676

Female sex—no. (%) 5 (33.3) 14 (45.2) 0.4450

ANCA subtype MPO/PR3—no. (%) 9/6 (60/40) 15/16 (48.4/51.6) 0.4598

History of vasculitis—no. (%) 1 (6.7) 5 (16.1) 0.3717

Renal injury

Median serum creatinine (IQR)—µmol/L

Serum creatinine ≥ 500 µmol/liter—no. (%)

Median GFR (IQR)—mL/min/1.73 m2

567 (438–652)

10 (66.7)

8.4 (5.8–9.6)

155 (99–280)

0 (0)

32.2 (15.3–60.9)

<0.0001

<0.0001

<0.0001

Extrarenal manifestations

Pulmonary hemorrhage—no. (%)

Skin involvement—no. (%)

2 (13.3)

2 (13.3)

4 (12.9)

6 (19.4)

0.9676

0.6135

Disease activity

Median BVAS (IQR)—points

Median SAPS II at admission (IQR)—points

Intensive care treatment—no. (%)

Median intensive care treatment (IQR)—days

18 (18–20)

31 (24–35)

14 (93.3)

5 (3–10)

17 (14–21)

23 (19–30)

9 (29)

0 (0–3)

0.2031

0.0085

<0.0001

<0.0001

Median CRP (IQR)—mg/L

Median uACR (IQR)—mg/g

73.6 (49.3–174)

839 (678–2,246)

37 (10.8–89)

243 (100–481)

0.0382

0.0006

Renal histology

Median total glomeruli (IQR)—no.

Median normal glomeruli (IQR)—no.

Median normal glomeruli (IQR)—%

Median glomerular necrosis (IQR)—no.

Median glomerular necrosis (IQR)—%

Median glomerular crescents (IQR)—no.

Median glomerular crescents (IQR)—%

Median glomerular sclerosis (IQR)—no.

Median glomerular sclerosis (IQR)—%

Median IF/TA (IQR)—%

15 (10–18)

3 (1–9)

20 (11.1–45.5)

7 (0–15)

46.7 (0–80)

8 (5–15)

54.6 (33.3–80)

0 (0–5)

0 (0–33.3)

30 (10–50)

17 (11–28)

10 (5–14)

58.8 (37–80)

2 (1–5)

12.5 (3.6–28)

2 (1–11)

27.3 (0–42.4)

2 (0–3)

9.4 (0–23.1)

15 (7.5–30)

0.5814

0.0044

0.0013

0.0726

0.0284

0.0389

0.0009

0.4074

0.3438

0.0839

Follow-up

Median follow-up (IQR)—days

Death—no. (%)

RRT—no. (%)

386 (165–715)

1 (6.7)

4 (26.7)

300 (81–609)

2 (6.5)

1 (3.2)

0.5779

0.9779

0.0166

For group comparisons, the Mann–Whitney U-test was used to determine differences in medians. Non-parametric between-group comparisons were performed with Pearson’s

chi-square test. Bold indicates statistically significant values at group level. ANCA, anti-neutrophil cytoplasmic antibodies; BVAS, Birmingham Vasculitis Activity Score; CRP, C-reactive

protein; GFR, glomerular filtration rate (CKD-EPI); IF/TA, interstitial fibrosis/tubular atrophy; IQR, interquartile range; No., number; MPO, myeloperoxidase; PR3, proteinase 3; RRT, renal

replacement therapy; RTX, rituximab; SAPS II, simplified acute physiology score II; uACR, urinary albumin/creatinine ratio.

of intensive care treatment, higher levels of C-reactive
protein, and urinary albumin/creatinine ratio (uACR,
Figure 1A and Table 1). We next scored each glomerulus
for the presence of necrosis, crescents, and global sclerosis
(Supplementary Figure 2A). Renal histology revealed that
requirement of RRT during the short-term course of disease
was associated with active glomerular lesions reflected by
lower number of normal glomeruli, increased glomerular
necrosis, and crescents (Figure 1A and Table 1). ROC analysis
confirmed an association between RRT requirement and
amounts of normal glomeruli (AUC 0.7860, p = 0.0018),
glomerular necrosis (AUC 0.6989, p = 0.0302), and crescents
(AUC 0.7946, p = 0.0013, Supplementary Figures 3A–C).
Renal survival analysis for cumulative incidence of RRT by
using the cutoff point that maximized the combined sensitivity
and specificity (Youden’s index) of each parameter confirmed

the poorest short-term renal outcome in patients with lower
number of normal glomeruli, increased glomerular necrosis,
and crescents (Figures 1B–G). Histopathological subgrouping
into sclerotic and crescentic classes along with ARRS high-risk
classification were associated with RRT requirement during
short-term disease course (Table 1 and Figures 1H,I), both
considered to also show poorest long-term renal survival rates
(4, 5).

After initiation of remission induction therapy, we next
analyzed predictors for short-term renal recovery reflected
by successful recovery from RRT within 30 days after RRT
initiation. After one dropout due to death at day 21 after
admission not included in the further analysis, 9/14 (64.3%)
critically ill patients that required RRT during the course
of disease recovered within 30 days after initiation of RRT
(Supplementary Figure 1A). Among all parameters analyzed,
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FIGURE 2 | Global glomerular sclerosis associates with failure to recover from RRT in critically ill patients. (A) Association between successful recovery from RRT

within 30 days after RRT initiation; clinical/laboratory and histopathological findings are shown by heat map reflecting mean values of Spearman’s ρ, asterisks indicate

p < 0.05. (B–E) Cutoff points on the ROC that maximized Youden’s index were used for cumulative incidence of successful recovery from RRT within 30 days after

RRT initiation for each parameter. (F,G) Histopathological subgrouping and ARRS for successful recovery from RRT within 30 days after RRT initiation are shown.

Analysis was performed using log rank (Mantel–Cox) testing. ANCA, anti-neutrophil cytoplasmic antibodies; ARRS, ANCA renal risk score; CI, confidence interval;

CRP, C-reactive protein; GFR, glomerular filtration rate (CKD-EPI); HR, hazard ratio; IF/TA, interstitial fibrosis/tubular atrophy; RRT, renal replacement therapy; SAPS II,

simplified acute physiology score II; uACR, urinary albumin/creatinine ratio.

short-term recovery from RRT after initiation of remission
induction therapy was associated with higher numbers of
unaffected glomeruli, whereas presence of sclerotic glomeruli

was the strongest negative predictor (Figure 2A and Table 2).
ROC analysis confirmed superiority of global glomerular
sclerosis to predict failure for short-term renal recovery (AUC
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TABLE 2 | Characteristics of patients requiring RRT: short-term recovery vs. no recovery from RRT within 30 days.

Recovery (n = 9) No recovery (n = 5) P-value

Median age (IQR)—years 66 (52.5–73.5) 58 (43–73) 0.5400

Female sex—no. (%) 3 (33.3) 2 (40) 0.8030

ANCA subtype MPO/PR3—no. (%) 4/5 (44.4/55.6) 5/0 (100/0) 0.0376

History of vasculitis—no. (%) 0 (0) 1 (20) 0.1638

Renal injury

Median serum creatinine (IQR)—µmol/L

Serum creatinine ≥ 500 µmol/liter—no. (%)

Median GFR (IQR)—mL/min/1.73 m2

567 (423–640)

6 (66.7)

8.4 (6.3–9.7)

643 (473–900)

4 (80)

8 (4.6–9.7)

0.3636

0.5967

0.3816

Extrarenal manifestations

Pulmonary hemorrhage—no. (%)

Skin involvement—no. (%)

0 (0)

2 (22.2)

2 (40)

0 (0)

0.0404

0.2549

Disease activity

Median BVAS (IQR)—points

Median SAPS II at admission (IQR)—points

Intensive care treatment—no. (%)

Median intensive care treatment (IQR)—days

18 (18–19)

30 (24–33.5)

8 (88.9)

4 (3.5–7)

18 (16.5–23)

35 (22–50)

5 (100)

8 (2–23)

0.7657

0.3771

0.4392

0.5400

Median CRP (IQR)—mg/L

Median uACR (IQR)—mg/g

77.3 (68.1–148)

839 (520–1,143)

49.3 (24–120)

2,849 (547–3,736)

0.1119

0.2398

Renal histology

Median total glomeruli (IQR)—no.

Median normal glomeruli (IQR)—no.

Median normal glomeruli (IQR)—%

Median glomerular necrosis (IQR)—no.

Median glomerular necrosis (IQR)—%

Median glomerular crescents (IQR)—no.

Median glomerular crescents (IQR)—%

Median glomerular sclerosis (IQR)—no.

Median glomerular sclerosis (IQR)—%

Median TA/IF (IQR)—%

16 (9.5–22.5)

4 (2–8.5)

35.3 (11.4–50.9)

8 (3.5–18.5)

64.7 (21.9–88.6)

8 (6.5–18.5)

64.7 (49.2–88.6)

0 (0–0)

0 (0–0)

20 (10–37.5)

15 (9.5–32)

1 (0–7.5)

6.7 (0–22.2)

3 (0–21)

20 (0–59.1)

5 (3–21.5)

45.5 (22.9–62.4)

7 (3.5–9.5)

46.7 (18.7–100)

30 (25–75)

0.9171

0.2048

0.0490

0.3751

0.1748

0.3801

0.1064

0.0005

0.0005

0.0784

Remission induction therapy

Intravenous steroid pulse—no. (%)

Oral GCs—no. (%)

6 (66.7)

9 (100)

5 (100)

5 (100)

PEX—no. (%)

Median sessions of PEX (IQR)—no.

8 (88.9)

5 (4–6)

3 (60)

5 (5–8)

RTX—no. (%)

CYC—no. (%)

RTX/CYC—no. (%)

1 (11.1)

5 (55.6)

3 (33.3)

2 (40)

3 (60)

0 (0)

Long-term survival

Median follow-up (IQR)—days

Death—no. (%)

RRT—no. (%)

505 (280–880)

0 (0)

0 (0)

326 (37–920)

0 (0)

3 (60)

0.2977

0.0088

For group comparisons, the Mann–Whitney U-test was used to determine differences in medians. Non-parametric between-group comparisons were performed with Pearson’s

chi-square test. Bold indicates statistically significant values at group level. ANCA, anti-neutrophil cytoplasmic antibodies; BVAS, Birmingham Vasculitis Activity Score; CRP, C-reactive

protein; CYC, cyclophosphamide; GCs, glucocorticoids; GFR, glomerular filtration rate (CKD-EPI); IF/TA, interstitial fibrosis/tubular atrophy; IQR, interquartile range; No., number;

MPO, myeloperoxidase; PEX, plasma exchange; PR3, proteinase 3; RRT, renal replacement therapy; RTX, rituximab; SAPS II, simplified acute physiology score II; uACR, urinary

albumin/creatinine ratio.

1.000, p = 0.0027, Supplementary Figures 4A,B), further
supported by renal survival analysis for RRT requirement
(Figures 2B–E). In contrast, histopathological subgrouping
and ARRS both failed to identify patients that successfully
recovered from RRT during short-term disease course
(Figures 2F,G and Table 2). While only limited follow-
up data was available, renal outcome within 30 days
significantly correlated with long-term renal survival rates
(Table 2).

DISCUSSION

Histopathological subgrouping and ARRS are helpful for risk

stratification to predict long-term renal survival rates (4, 5).
While these observations have been validated in independent

cohorts, severity of AKI with requirement of RRT and short-term
renal recovery is important especially in critically ill cases of AAV

(11, 12). Therefore, we here aimed to evaluate histopathological
findings and predictive value of Berden’s histopathological
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subgrouping and ARRS for the requirement of RRT during
short-term clinical course in critically ill patients requiring
intensive care treatment. Requirement of RRT during the short-
term course of disease was associated with active glomerular
lesions reflected by lower number of normal glomeruli, increased
glomerular necrosis, and crescents. Berden’s histopathological
subgrouping into sclerotic and crescentic classes along with
ARRS high-risk classification identified patients at risk for
RRT requirement during the short-term disease course, both
considered to also show the poorest long-term renal survival
rates (4, 5). In contrast, presence of global glomerular sclerosis
was superior to histopathological subgrouping and ARRS and
the strongest negative predictor for recovery from RRT during
the short-term course of disease in critically ill patients with
AAV requiring intensive care treatment. Glomerular sclerosis
is only included in Berden’s histopathological subgrouping in
cases with affected glomeruli above 50%, predicting long-term
renal survival rates poorest in the sclerotic class. In their study,
Berden et al. classified 13/100 (13%) patients in the sclerotic class
(4). In contrast, only 3/46 (6.5%) patients could be classified
as sclerotic class in our cohort. Possibly, a more acute and
aggressive onset of severe AAV requiring RRT early at disease
onset in our cohort resulted in fewer sclerotic glomeruli, as also
reported in other cohorts (13). However, our observation that
presence of sclerotic glomeruli associates with failure to recover
from RRT in critically ill patients may implicate underestimation
of glomerular sclerosis when histopathological subgrouping is
used in this subgroup of severe AAV. This is in line with
previous reports of renal recovery in patients requiring RRT
over a 3-month period of time (14). Since severity of AKI,
requirement of RRT, and short-term renal recovery in critically
ill patients are associated with disease severity and clinical course
of disease, this emphasizes the novelty and great relevance of our
findings (6).

The main limitations of our study are being retrospective,
different regimens of remission induction, the small patient
number, and limited data on long-term renal survival rates.
Nevertheless, our observations support that global glomerular
sclerosis associates with failure to recover from RRT after
initiation of remission induction therapy in cases of severe AAV
requiring intensive care treatment. This new aspect requires
further investigation in a prospective controlled setting for
therapeutic decision making especially in this subgroup.
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c-Jun Amino Terminal Kinase 
Signaling Promotes Aristolochic 
Acid-Induced Acute Kidney Injury
Fan Yang 1,2, Elyce Ozols 1, Frank Y. Ma 1, Khai Gene Leong 1, Greg H. Tesch 1, 
Xiaoyun Jiang 2* and David J. Nikolic-Paterson 1*

1 Department of Nephrology, Monash Health and Monash University Centre for Inflammatory Diseases, Monash Medical 
Centre, Clayton, VIC, Australia, 2 Department of Pediatrics, The First Affiliated Hospital of Sun Yat-sen University, Guangzhou, 
China

Aristolochic acid (AA) is a toxin that induces DNA damage in tubular epithelial cells of the 
kidney and is the cause of Balkan Nephropathy and Chinese Herb Nephropathy. In cultured 
tubular epithelial cells, AA induces a pro-fibrotic response via the c-Jun amino terminal 
kinase (JNK) signaling pathway. This study investigated the in vivo role of JNK signaling 
with a JNK inhibitor (CC-930) in mouse models of acute high dose AA-induced kidney 
injury (day 3) and renal fibrosis induced by chronic low dose AA exposure (day 22). CC-930 
treatment inhibited JNK signaling and protected from acute AA-induced renal function 
impairment and severe tubular cell damage on day 3, with reduced macrophage infiltration 
and expression of pro-inflammatory molecules. In the chronic model, CC-930 treatment 
inhibited JNK signaling but did not affect AA-induced renal function impairment, tubular 
cell damage including the DNA damage response and induction of senescence, or renal 
fibrosis; despite a reduction in the macrophage pro-inflammatory response. In conclusion, 
JNK signaling contributes to acute high dose AA-induced tubular cell damage, presumably 
via an oxidative stress-dependent mechanism, but is not involved in tubular atrophy and 
senescence that promote chronic kidney disease caused by ongoing DNA damage in 
chronic low dose AA exposure.

Keywords: acute kidney injury, chronic kidney disease, inflammation, c-Jun amino terminal kinase, macrophage, 
renal fibrosis, senescence

INTRODUCTION

Chinese herbal medicine is widely used for the prevention, treatment, and cure of a wide 
range of diseases (Yang et  al., 2018). However, some traditional herbal medicines are toxic to 
the kidney such as aristolochic acids (AAs). Kidney damage associated with herbal medicines 
includes acute kidney injury, chronic kidney disease, nephrolithiasis, and bladder cancer (Yang 
et  al., 2018). AA was identified as the nephrotoxin responsible for Balkan Nephropathy where 
the toxin was derived from weeds growing in fields that contaminated flour used in baking 
(Jadot et  al., 2017). Indeed, the wide-spread recognition of kidney damage caused by this 
nephrotoxin has led to the term, aristolochic acid nephropathy (AAN).

Aristolochic acid is taken up by tubular epithelial cells of the kidney via the organic anion 
transporter OAT1/3 (Bakhiya et  al., 2009). Toxicity to tubular epithelial cells is the hallmark 
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of AAN which features atrophy and loss of tubules with extensive 
interstitial fibrosis with an inflammatory infiltrate, although 
glomeruli are largely spared (Vanherweghem et  al., 1993). 
Analysis of 300 cases of Chinese Herb Nephropathy identified 
both acute kidney injury and more slowly progressive chronic 
kidney disease, which were associated with high or low levels 
of AA ingestion, respectively (Yang et  al., 2012). Consistent 
with clinical findings, animal studies have shown that 
administration of a single high dose of AA can induce acute 
kidney injury with tubular necrosis, while repeated administration 
of low doses of AA leads to chronic kidney disease with tubular 
atrophy and interstitial fibrosis (Zhou et  al., 2010a,b).

Upon uptake into cells, AA binds to DNA causes AA-DNA 
adducts which can result in a A:T→T:A transversion, inducing 
the DNA damage response and leading to cancer development 
over time (Jadot et al., 2017). In addition, studies using cultured 
tubular epithelial cells have shown that treatment with AA 
induces high levels of reactive oxygen species (ROS), and that 
AA-induced cell death can be  suppressed using anti-oxidant 
approaches (Yu et  al., 2011; Jadot et  al., 2017). Animal studies 
support a mechanism of AA-induced ROS in tubular cell 
damage (Li et al., 2012), emphasizing the importance of targeting 
the response to oxidative stress in preventing the nephrotoxic 
effects of AA.

The c-Jun amino terminal kinase (JNK) enzyme is exquisitely 
sensitive to ROS and is known as a stress-activated protein 
kinase (Grynberg et  al., 2017). Treatment of cultured tubular 
epithelial cells with AA leads to activation of the JNK enzyme, 
and the addition of a JNK inhibitor compound can inhibit 
AA-induced production of TGF-β1, upregulation of α-SMA, 
increased collagen I  expression and cell cycle arrest (Yang 
et  al., 2010; Zhou et  al., 2010a; Rui et  al., 2012). One study 
has used Western blotting to identify increased phosphorylation 
of the JNK enzyme in a model of AAN (Chang et  al., 2020); 
however, the location of JNK activation and the functional 
significance of JNK activation in AAN remain unknown. 
Therefore, the aim of this study was to determine the pathological 
role of JNK signaling in both acute and chronic forms of 
AA-induced renal injury.

MATERIALS AND METHODS

Animals
Male C57BL/6J mice of 8–12 weeks of age were obtained from 
the Monash Animal Research Platform (Clayton, VIC, Australia). 
Animal studies were approved (MMCB/2017/21) by the Monash 
Medical Centre Animal Ethics Committee and performed 
according to the Australian Code of Practice for the Care and 
Use of Animals for Scientific Purposes.

Aristolochic Acid-Induced Acute Kidney 
Injury
Groups of seven or eight male mice were given a single 
intraperitoneal injection of 5  mg/kg aristolochic acid 
(Sigma-Aldrich, Castle Hill, NSW, Australia) dissolved in saline 

and killed 3  days later. Groups of AA-injected mice were: 
(i) treated with 75  mg/kg CC-930 (supplied by Celgene 
Corporation, San Diego, CA, United  States) by twice daily 
oral gavage starting 1  h before AA injection and continuing 
until being killed on day 3 (termed CC-930 AA), (ii) treated 
with vehicle only (0.5% carboxymethylcellulose in water) by 
twice daily oral gavage (termed vehicle AA), or (iii) did not 
receive any treatment (termed AA or untreated AA). The 
75  mg/kg BID dosing of CC-930 was based on a previous 
study (Reich et  al., 2012). In addition, one group of normal 
mice (no experimentation) was used as controls. Blood was 
collected at the time of killing. Urine samples were collected 
the day before killing. Serum and urine creatinine levels and 
urine total protein levels were measured using a Duppon ARL 
Analyzer at the Department of Clinical Biochemistry, 
Monash Health.

Aristolochic Acid-Induced Chronic Kidney 
Injury
Groups of 9 or 10 male mice were given intraperitoneal injections 
of 2  mg/kg AA every second day from day 0 until being 
killed on day 22. Groups of AA-injected mice were treated 
with 75  mg/kg CC-930, or vehicle alone, by twice daily oral 
gavage starting 1  h before AA injection and continuing until 
being killed on day 22. Normal mice (no experimentation) 
were used as controls.

Histology
Slices of kidney tissue were fixed in 4% neutral-buffered formalin 
or methylcarn fixative and processed for embedding in paraffin. 
Periodic acid-Schiff (PAS) plus hematoxylin staining was 
performed on 2  μm sections of formalin-fixed kidney tissue. 
Acute tubular injury was scored in the day 3 AA model as 
follows. Tubular cross-sections across the entire cortex were 
analyzed under high power (×400) and scored as normal or 
damaged. The definition of tubular damage included one or 
more of the following: tubular dilation or atrophy, loss of 
brush border, loss of tubular nuclei, and cast formation. Scoring 
was performed on blinded slides.

Immunohistochemistry
Immunostaining with the F4/80 antibody to detect macrophages 
(Bio-Rad, Gladesville, NSW, Australia), with a goat anti-collagen 
IV antibody (Southern Biotechnology, Birmingham, AL, 
United States) and with rabbit anti-α-SMA (Abcam, Melbourne, 
VIC, Australia) was carried out on 4 μm sections of methylcarn-
fixed tissue using an avidin-biotin complex system with 
horseradish peroxidase and the substrate diaminobenzidine. 
Immunostaining with rabbit antibodies to phospho-c-Jun Ser63, 
phospho-Histone 2A.X Ser139, and CDKN1A (all from Cell 
Signaling, San Diego, CA, United  States) was carried out on 
4  μm sections of formalin-fixed sections after antigen retrieval 
(some sections had a PAS counterstain) as previously described 
(Flanc et  al., 2007). The area of collagen IV staining was 
assessed by point counting of the entire cortex under medium 
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power (x200) with a minimum of 1,200 points evaluated. 
Scoring was performed on blinded slides.

Western Blotting
Frozen kidney samples were homogenized in 0.5 ml lysis buffer 
and processed for Western blotting as previously described 
(Ma et  al., 2014). Blots were probed for phospho-c-Jun and 
α-tubulin as the loading control using goat anti-rabbit Alexa 
Fluor 680 or donkey anti-mouse IRDye 800 secondary antibodies 

(Molecular Probes) and detected using the Odyssey Infrared 
Image Detecting System (LICOR). Densitometry analysis used 
ImageJ software, NIH.

Real Time Polymerase Chain Reaction
RNA extraction from frozen kidney tissue, cDNA synthesis, 
and PCR reactions on a StepOne Real-Time PCR System (Applied 
Biosystems, Foster City, CA, United  States) were performed as 
previously described (Hou et  al., 2018). Taqman primer/probes 

A

C D

E F

G H

B

FIGURE 1  |  Renal function and tubular damage on day 3 of aristolochic acid (AA)-induced acute kidney injury. AA-injected mice were either untreated (AA), or 
treated with vehicle (Veh AA) or CC-930 (CC-930 AA) and compared to normal controls. (A) Serum creatinine levels. (B) Graph of tubular damage score.  
(C–F) Periodic acid-Schiff (PAS) staining of kidney sections. (C) Kidney structure in normal control. (D) Vehicle treated AA showing damaged tubules with loss of 
brush border, loss of tubular nuclei and sloughing of cells into the lumen. (E) High power view of the image in D. (F) CC-930 treated AA shows less severe tubular 
damage compared to vehicle treated. Bars represent 100 μm. Reverse transcription PCR (RT-PCR) analysis of mRNA levels for the tubular damage markers; 
(G) KIM-1/HAVCR1 and (H) NGAL/LCN2. One-way ANOVA with Tukey’s multiple comparison test. **p < 0.01 and ***p < 0.001 vs. control.
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for NOS2 and α-SMA have been described previously 
(Ma et al., 2011), and other primer/probes were purchased from 
Applied Biosystems. The comparative Ct (ΔCt) method was used 
to quantify the relative amount of mRNA which was normalized 
against the internal Gapdh mRNA control (Applied Biosystems).

Statistical Analysis
Data are shown as mean  ±  SD. Analysis used one-way ANOVA 
with Tukey’s multiple comparison test, except for analysis of groups 
of two which used the student’s t-test. Analysis was performed 
using GraphPad Prism 8.0 (San Diego, CA, United  States).

RESULTS

Acute Kidney Injury on Day 3 After AA 
Administration
A single injection of 5  mg/kg AA resulted in an acute loss 
of kidney function, as shown by a 4-fold increase in serum 
creatinine levels (Figure  1A). Compared to normal (control) 
kidney, PAS staining showed significant tubular damage in 
vehicle and untreated groups on day 3. Tubular damage featured 
loss of the brush border, loss of tubular nuclei and sloughing 
of cells into the tubular lumen (Figures 1B–E). Cellular damage 
was most obvious in the proximal portion of the tubule. There 
was also a marked increase in the mRNA levels of the tubular 
damage markers, Kidney Injury Molecule 1 (KIM1/HAVCR1) 
and Lipocalin 2 (LCN2/NGAL) in untreated and vehicle treated 
AA groups on day 3 (Figures  1G,H).

Aristolochic acid is known to cause DNA damage by 
inducing adducts (Jadot et  al., 2017). DNA damage rapidly 
induces phosphorylation of the H2A.X variant which is 
required for checkpoint-mediated cell cycle arrest and DNA 
repair (Yuan et  al., 2010). While no phospho-H2A.X Ser139 
staining was evident in control kidney, many tubular cells 
showed strong nuclear staining for p-H2A.X in vehicle 
treated and untreated day 3 AA. High power shows p-H2A.X 
staining in remaining nuclei in damaged tubules, although 
tubules without obvious damage also showed staining. 

A B

C D

FIGURE 2  |  Immunostaining for the DNA damage marker, phospho-Histone 
2A.X Ser139, on day 3 of AA-induced acute kidney injury. (A) No staining is 
seen the normal control kidney. (B) Many tubular nuclei show p-H2A.X staining 
in the cortex in vehicle treated day 3 AA. (C) High power view of vehicle 
treated day 3 AA shows staining in both damaged (*) and intact tubules, but 
no staining is seen in the glomerular tuft (g). (D) A similar pattern of stained for 
p-H2A.X in tubular nuclei is seen in CC-930 treated day 3 AA. Sections have 
PAS counterstain. Bars represent 200 μm (A,B,D), or 100 μm (C).

A

D E

B C

FIGURE 3  |  c-Jun amino terminal kinase (JNK) signaling on day 3 of aristolochic acid (AA) induced acute kidney injury. AA injected mice were either untreated (AA), 
or treated with vehicle (Veh AA) or CC-930 (CC-930 AA) and compared to normal controls. (A-C) Immunohistochemistry staining for phospho-c-Jun Ser63. 
(A) Normal control kidney shows only very occasion p-c-Jun+ cells. (B) Vehicle treated AA shows large numbers of p-c-Jun+ nuclei, predominantly in tubular 
epithelial cells, including in damaged tubules. (C) CC-930 treated AA showing a dramatic reduction in p-c-Jun+ cells. Bars represent 100 μm. (D) Western blot of 
kidney lysates for p-c-Jun and reprobed for α-tubulin. (E) Graph showing quantification of Western blots. One-way ANOVA with Tukey’s multiple comparison test. 
*p < 0.05 and ***p < 0.001 vs. control.
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Of note, very few cells in glomeruli or in the early proximal 
tubule were stained (Figures  2A–C).

c-Jun amino terminal kinase is the only enzyme that 
phosphorylates c-Jun at Serine 63, allowing detection of p-c-Jun 
Ser63 as a surrogate marker of JNK activation (Pulverer et  al., 
1991; Minden et al., 1994; Ma et al., 2007). Only very occasional 
cells were stained for p-c-Jun in normal mouse kidney. By 
contrast, many p-c-Jun+ cells are seen in the kidney of vehicle 
and untreated groups on day 3 after AA (Figures  3A,B). The 
p-c-Jun staining is prominent in all parts of the nephron, 
including damaged tubules and tubules without obvious 
histologic damage. Some interstitial p-c-Jun+ cells are also 
evident, whereas few p-c-Jun+ cells were evident in glomeruli. 
Western blotting shows a strong band for p-c-Jun in vehicle 
and untreated day 3 AA groups, which was barely detected 
in normal kidney (Figures  3D,E).

Inflammation was evident on day 3 after AA administration 
in vehicle and untreated groups. Immunostaining showed 
a focal infiltrate of F4/80+ macrophages in areas of tubular 
damage (Figures  4A,B). This was consistent with the 8-fold 
increase in mRNA levels of the macrophage marker, CD68 
(Figure 4D). There was a significant, but variable, neutrophil 

infiltrate as shown by mRNA levels for neutrophil elastase/
ELANE (Figure  4E). Leukocyte infiltration was associated 
with up-regulation of inflammatory cytokines TNF and 
IL-36α (Figures  4F,G).

Effect of CC-930 Treatment on Acute 
Kidney Injury on Day 3 in the AA Model
CC-930 treatment gave protection from acute kidney injury 
as shown by a significant reduction in serum creatinine levels 
compared to the untreated and vehicle treated groups 
(Figure 1A). CC-930 treatment also significantly reduced tubular 
damage as shown by scoring of PAS stained sections and by 
the mRNA levels of KIM-1 and NGAL (Figures  1B,F–H). As 
expected, CC-930 treatment did not affect AA-induced DNA 
damage, as shown by a lack of effect upon p-H2A.X staining 
(Figure  2D). However, this protection against acute kidney 
injury was associated with a profound reduction in JNK signaling 
as demonstrated by reductions in c-Jun phosphorylation using 
both immunohistochemistry and Western blotting (Figures 3C–E).

CC-930 treatment significantly reduced the macrophage 
infiltrate based on F4/80 immunostaining and CD68 mRNA 
levels (Figures  4C,D), and reduced mRNA levels of TNF and 

A

D E

F G

B C

FIGURE 4  |  Macrophage infiltration and inflammation on day 3 of AA-induced acute kidney injury. AA injected mice were either untreated (AA), or treated with vehicle 
(Veh AA) or CC-930 (CC-930 AA) and compared to normal controls. (A-C) Immunohistochemistry staining for F4/80+ macrophages. (A) Normal control kidney shows 
a regular network of resident kidney macrophages. (B) Vehicle treated AA shows a significant increase in F4/80+ macrophages, mainly around damaged tubules. 
(C) CC-930 treated AA showing a reduction in the number of infiltrating macrophages. Bars represent 100 μm. (D–G) RT-PCR analysis of kidney tissue for: (D) CD68; 
(E) ELANE; (F) TNF, and (G) IL-36A. One-way ANOVA with Tukey’s multiple comparison test. *p < 0.05, **p < 0.01, and ***p < 0.001 vs. control.
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IL-36α (Figures 4F,G). However, the CC-930 did have a significant 
effect upon the variable neutrophil infiltrate (Figure  4E).

Characterization of Chronic Kidney 
Disease Induced by Repeated 
Administration of AA
A model of chronic tubulointerstitial disease was induced by 
repeated administration of a lower dose of AA (2  mg/kg) every 

second day from day 0 until being killed on day 22. This resulted 
in impaired kidney function in vehicle treated mice as shown 
by a 3-fold increase in serum creatinine over that of normal 
mice (Figure  5A), and a modest increase in urinary protein 
excretion (Figure 5B). Histologic analysis showed marked tubular 
atrophy, accumulation of cells in the interstitial space, and some 
tubular casts. By contrast, glomeruli remained largely normal 
(Figures  5C,D). Substantial tubular damage was also indicated 
by a marked increase in mRNA levels of tubular damage markers 

A
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B

FIGURE 5  |  Renal function and tubular damage on day 22 of aristolochic acid (AA) induced chronic kidney disease. Vehicle and CC-930 treated AA groups were 
compared to normal controls. (A) Serum creatinine levels. (B) Urinary protein excretion measured as a ratio of mg total protein/mol creatinine. (C) PAS staining of 
normal control kidney. (D) PAS staining of vehicle treated AA shows marked tubular atrophy, interstitial cell infiltration and occasional tubular casts, while glomeruli 
are largely normal. (E) PAS staining of CC-930 treated AA shows similar chronic tubular damage to that in vehicle treated. Bars represent 100 μm. RT-PCR analysis 
of: (F) KIM-1/HAVCR1, (G), NGAL/LCN2, and (H) α-Klotho mRNA levels. One-way ANOVA with Tukey’s multiple comparison test. **p < 0.01 and ***p < 0.001 vs. 
control. N.S., not significant.
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KIM-1 and NGAL, while expression of the tubular protective 
molecule, α-Klotho, was substantially reduced (Figures  5F–H).

Chronic administration of low dose AA caused sustained 
activation of the DNA damage response as shown by immunostaining 
for p-H2A.X (Figures  6A,B), although fewer cells were stained 
compared to the acute effects of high dose AA on day 3 (Figure 2B). 
Only very low mRNA levels for the senescence markers, Cyclin 
Dependent Kinase Inhibitor 1A (Cdkn1a/p21CIP1) and Cdkn2a/
p16INK4A were evident in control kidney, but both markers were 
highly upregulated in vehicle treated day 22 AA (Figure  6D). 
No cells were stained for CDKN1A in control kidney, but cell 
nuclei in atrophic tubules were stained in vehicle treated day 22 
AA (Figures  6E,F). Analysis of serial sections show CDKN1A 
stained cells in the same damaged tubules that exhibit p-H2A.X 
stained cells, although overall more cells were stained for p-H2A.X 
than for CDKN1A (Figures  6G,H).

Chronic administration of the low dose AA also  
caused sustained activation of the JNK signaling pathway 
at day 22  in vehicle treated mice. Many p-c-Jun stained 

cells were evident, particularly in dilated and atrophic 
tubules, as well as some interstitial p-c-Jun+ cells 
(Figures  7A,B). In addition, a strong band for p-c-Jun was 
evident Western blots of vehicle treated mice on day 22 
of chronic AA administration (Figures  7D,E).

Significant interstitial fibrosis was evident on day 22 of 
chronic AA administration. Increased collagen IV deposition 
was seen in areas of atrophic tubules (Figures  8A,B), which 
was associated with focal accumulation of α-SMA+ 
myofibroblasts (not shown). Image analysis showed a 2.5-fold 
increase in the interstitial deposition of collagen IV in the 
cortex in the vehicle treated day 22 AA group compared to 
normal controls (Figure  8D). This was accompanied by a 
significant increase in mRNA levels of collagen III and IV, 
α-SMA/Acta2, and TGF-β1 (Figures  8E–H). There was also 
a marked macrophage infiltrate as shown by the increase in 
CD68 mRNA levels (Figure  8I), with increases in mRNA 
levels of macrophage M1-type pro-inflammatory molecules 
NOS2 and MMP-12 (Figures  9A,B). In addition, vehicle 

A B C
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FIGURE 6  |  DNA damage (phospho-H2A.X) and senescence markers (CDKN1A) on day 22 of aristolochic acid (AA) induced chronic kidney disease. (A) No 
staining for p-H2A.X is seen the normal control kidney. (B) Numerous p-H2A.X stained nuclei are seen in vehicle treated day 22 AA, evident in both atrophied and 
normal tubules. (C) A similar pattern of p-H2A.X nuclear staining is seen in CC-930 treated day 22 AA. (D) RT-PCR analysis of kidney tissue for Cdkn1a and 
Cdkn2a. (E) No staining for CDKN1A is seen the normal control kidney. (F) Nuclear staining for CDKN1A is evident in cells within atrophied tubules in vehicle treated 
day 22 AA. (G) Higher power view emphasizes that CDKN1A staining is mostly restricted to damaged tubules. (H) Serial section to (F) showing p-H2A.X staining is 
also evident damaged tubules, but is more extensive than that of CDKN1A. (I) CDKN1a staining in CC-930 treated day 22 AA is similar to that seen in vehicle treated 
day 22 AA. Bars represent 200 μm (A–C,E,F,I), or 100 μm (G,H). One-way ANOVA with Tukey’s multiple comparison test. ***p < 0.001 vs. control; N.S., not significant.
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treated mice on day 22 of AA administration showed increased 
expression of TNF and IL-36α (Figures  9E,F).

Effect of CC-930 Treatment on AA-Induced 
Chronic Kidney Disease
CC-930 treatment of mice with chronic administration of 
AA did not affect the loss of kidney function as shown by 
serum creatinine levels or the development of mild proteinuria 
(Figures  5A,B). Consistent with this, CC-930 treatment did 
not affect histologic tubular damage or changes in NGAL 
or α-Klotho mRNA levels (Figures  5E,G,H), although the 
high levels of KIM-1 mRNA were significantly reduced by 
18% (Figure  5F).

CC-930 treatment did not affect the sustained DNA damage 
response as shown by immunostaining for p-H2A.X (Figure 6C), 
or the induction of cell senescence as shown by Cdkn1a and 
Cdkn2a mRNA levels and immunostaining for CDKN1A 
(Figures 6D,I). However, CC-930 treatment did substantially reduce 
c-Jun phosphorylation as shown by both immunohistochemistry 
and Western blotting (Figures  7C–E).

CC-930 treatment had no significant effect on renal fibrosis 
on day 22 of AAN in terms of collagen IV deposition and 
mRNA levels of collagen III and IV, and α-SMA/Acta2 
(Figures  8C–G), although there was a small reduction in the 
mRNA levels of TGF-β1 (Figure  8H).

CC-930 treatment did not affect the substantial macrophage 
infiltration on day 22 as shown by CD68 mRNA levels 

(Figure 8I). However, markers of M1-type macrophages, NOS-2 
and MMP-12, were substantially reduced by CC-930 treatment 
and the NOS2:CD68 and MMP-12:CD68 mRNA ratios were 
also significantly reduced compared to the vehicle treated group 
(Figures 9A–D). Finally, CC-930 treatment significantly reduced 
TNF, but not IL-36α, mRNA levels (Figures  9E,F).

DISCUSSION

This study has shown that inhibition of JNK signaling with 
CC-930 provided significant protection against high dose 
AA-induced acute kidney injury, but failed to protect against 
chronic kidney disease induced by repeated low dose 
AA administration.

We identified a strong induction of JNK signaling in tubular 
epithelial cells on day 3 after a single high dose of AA based 
on amino-terminal phosphorylation of c-Jun at Ser63, validating 
previous studies showing that AA induces JNK activation in 
cultured tubular cells (Yang et  al., 2010; Zhou et  al., 2010a; 
Rui et  al., 2012). We  also demonstrated that chronic 
administration of low dose AA causes sustained JNK activation 
in tubular epithelial cells, particularly in atrophic tubular cells. 
Treatment with CC-930 was highly effective in suppressing 
JNK signaling.

The protection against acute AA-induced tubular cell damage 
and renal function impairment is consistent with other studies 
in which JNK inhibition suppressed acute kidney injury induced 
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FIGURE 7  |  JNK signaling on day 22 of aristolochic acid (AA) induced chronic kidney disease. Vehicle and CC-930 treated AA groups were compared to normal 
controls. (A–C) Immunohistochemistry staining for phospho-c-Jun Ser63. (A) Normal control kidney shows very little p-c-Jun staining. (B) Vehicle treated AA shows 
tubular cells with nuclear staining for p-c-Jun, being most prominent in dilated and atrophic tubules. (C) CC-930 treated AA showing a very substantial reduction in 
p-c-Jun+ cells. Bar represent 100 μm. (D) Western blot of kidney lysates for p-c-Jun and reprobed for α-tubulin. (E) Graph showing quantification of Western blots. 
One-way ANOVA with Tukey’s multiple comparison test. ***p < 0.001 vs. control.
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by renal ischemia/reperfusion injury (IRI) or cisplatin 
(Francescato et al., 2007; Wang et al., 2007; Kanellis et al., 2010). 
The production of ROS is a prominent feature in all three of 
these models of acute kidney injury, and studies have shown 
that blockade of JNK signaling prevents ROS-induced death 
of tubular epithelial cells (Pat et  al., 2003; Arany et  al., 2004), 
providing direct evidence that JNK is critical in ROS-induced 
tubular cell death. While CC-930 treatment did not affect the 
AA-induced DNA damage response, the protective effect of 
CC-930 seen in the acute AA model is most likely due to 
inhibition of tubular damage and cell death caused by the 
oxidative stress induced by high dose AA. Indeed, this mechanistic 
link between DNA damage and ROS production is supported 
by the presence of cells exhibiting JNK signaling and the DNA 
damage response within damaged tubules.

CC-930 treatment also reduced leukocyte infiltration and 
the expression of inflammatory cytokines in AA-induced acute 
kidney injury – a finding consistent with the suppression of 
inflammation seen with JNK inhibition in the IRI and cisplatin 
models of acute kidney injury (Francescato et  al., 2007; 
Wang et  al., 2007; Kanellis et  al., 2010). This may simply 
reflect the reduction in tubular damage and consequent reduced 
release of pro-inflammatory and chemotactic danger-associated 
molecular patterns. Alternatively, this could reflect a specific 
role for JNK signaling via Activator Protein 1 (AP1) in 

promoting kidney expression of inflammatory molecules since 
transcription of Nos2, Tnf, and Mmp12 genes has been shown 
to operate via AP1 (Newell et  al., 1994; Wu et  al., 2001; 
Lin et  al., 2007; Grynberg et  al., 2017).

Given the significant protective effect of JNK inhibition 
in AA-induced acute kidney injury, we  were surprised by 
the lack of protection seen with CC-930  in AA-induced 
chronic kidney disease. In particular, cell culture studies have 
shown that short-term exposure of tubular epithelial cells 
to AA induces a strong pro-fibrotic response with increased 
expression of TGF-β1 and α-SMA, and increased production 
of collagens (Yang et  al., 2010; Zhou et  al., 2010a; Rui et  al., 
2012). In addition, JNK blockade has been shown to reduce 
inflammation and fibrosis across different models of chronic 
kidney disease. For example, JNK blockade suppressed tubular 
cell death, inflammation and the aggressive fibrosis seen in 
unilateral ureteric obstruction (Ma et al., 2007). JNK blockade 
prevents the development of crescentic glomerulonephritis 
in susceptible rats with protection from renal impairment, 
glomerular damage, and inhibition of the macrophage 
pro-inflammatory response and renal fibrosis (Flanc et  al., 
2007). Indeed, intervention in established crescentic disease 
with a JNK inhibitor still provides significant protection 
against inflammation and renal fibrosis (Ma et  al., 2009). 
Furthermore, in two other classic models of renal interstitial 
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FIGURE 8  |  Renal fibrosis on day 22 of AA-induced chronic kidney disease. Vehicle and CC-930 treated AA groups were compared to normal controls. (A–C) 
Immunohistochemistry staining for collagen IV. (A) Normal mouse kidney showing collagen IV in the tubular and glomerular basement membranes. (B) Vehicle 
treated day 22 AA shows increased interstitial collagen IV staining, particularly in areas with atrophic tubules. (C) CC-930 treated day 22 AA shows a similar increase 
in interstitial collagen IV deposition as seen with vehicle treatment. Bars represent 100 μm. (D) Graph showing quantification of the area of interstitial collagen IV 
staining. RT-PCR analysis of: (E) Collagen III; (F) Collagen IV; (G) α-SMA/Acta2; (H) TGF-β1, and (I) CD68. One-way ANOVA with Tukey’s multiple comparison test. 
***p < 0.001 vs. control. N.S., not significant.
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fibrosis – unilateral IRI and folic acid-induced fibrosis – 
administration of a JNK inhibitor can suppress both inflammation 
and fibrosis (de Borst et  al., 2009; Jiang et  al., 2019).

One possible explanation for the protective effects of JNK 
inhibition in acute but not chronic AA-induced renal injury 
is that a different underlying pathogenic mechanism drives 
chronic injury. Thus, while JNK signaling is important for 
high dose AA-induced ROS production and cell damage in 
acute kidney injury, this may have only a minor role in the 
response to the accumulation of DNA damage occurring in 
ongoing exposure to low dose AA-induced chronic kidney 
disease. AA is a potent inducer of the DNA damage response 
in cultured tubular epithelial cells (Chen et  al., 2010a,b). 
We  validated this finding in vivo with clear activation of the 
DNA damage response (phosphorylation of H2A.X) in tubular 

epithelial cells following acute exposure to high dose AA on 
day 3, and ongoing activation of the DNA damage response 
with chronic exposure to low dose AA on day 22. Indeed, 
DNA damage is potent inducer of cellular senescence (Docherty 
et  al., 2019), and senescent tubular epithelial cells have been 
implicated in the progression of renal interstitial fibrosis (Kishi 
et  al., 2019). We  found the induction of numerous senescent 
cells in atrophied tubules on the basis of CDKN1A expression 
and marked upregulation of Cdkn1a and Cdkn2a mRNA levels 
on day 22 of chronic AA administration. Indeed, the same 
atrophied tubules contained epithelial cells with activation of 
the DNA damage response and expression of senescence markers. 
Many cells in these atrophic tubules also exhibited JNK signaling, 
but JNK inhibition did not affect either the DNA damage 
response or the induction of senescence in these damage 
tubules – providing a rationale for the failure of JNK blockade 
to suppress renal fibrosis in this setting.

A second possible mechanism driving chronic AA-induced 
kidney injury is TGF-β/Smad3 signaling (Zhou et  al., 2010a). 
While JNK has been shown to phosphorylate Smad3 to enhance 
the fibrotic response in short term AA stimulation of tubular 
epithelial cells (Zhou et  al., 2010a), and combined JNK and 
Smad3 inhibition gives additive benefit in reducing folic acid-
induced renal fibrosis (Jiang et  al., 2019); it may that chronic 
administration of AA drives a Smad3-dependent fibrosis that 
is largely independent of JNK signaling.

Our previous studies found that global macrophage depletion 
using a c-fms inhibitor suppressed chronic kidney disease in 
response to repeated AA administration (Dai et  al., 2016). 
This is consistent with other models of kidney disease in which 
macrophages play an important role in both tubular damage 
and renal interstitial fibrosis (Han et  al., 2013; Meng et  al., 
2016; Tang et  al., 2019). JNK signaling in macrophages has 
been shown to induce a pro-inflammatory M1 response that 
induces glomerular and tubulointerstitial renal injury in 
experimental glomerulonephritis (Ikezumi et  al., 2004; Flanc 
et al., 2007). In the current study, JNK inhibition also suppressed 
the M1-type pro-inflammatory response in AA-induced chronic 
kidney disease. However, this did not significantly impact upon 
disease progression arguing that tubulointerstitial damage by 
M1-type macrophages is not an important pathogenic mechanism 
in AA-induced chronic kidney disease.

In conclusion, we have demonstrated that AA administration 
is a potent inducer of JNK signaling in tubular epithelial cells 
of the kidney. Blockade of JNK signaling with CC-930 significantly 
reduced the acute effects of high dose AA on tubular cell 
damage and renal function impairment, presumably via inhibition 
of ROS-dependent cell damage. However, ongoing JNK blockade 
was unable to protect against DNA damage-induced tubular 
cell atrophy and senescence that promote chronic kidney disease 
caused by ongoing exposure to low dose AA.
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FIGURE 9  |  Macrophage activation and inflammation on day 22 of 
aristolochic acid (AA) induced chronic kidney disease. Vehicle and CC-930 
treated AA groups were compared to normal controls. RT-PCR analysis of: 
(A) NOS2, and; (B) MMP-12. Graphs show the relative mRNA ratio of: 
(C) NOS2/CD68, and; (D) MMP-12/CD68. RT-PCR analysis of: (E) TNF, and; 
(F) IL-36A. One-way ANOVA with Tukey’s multiple comparison test, or 
student’s t-test. **p < 0.001 and ***p < 0.001 vs. control. N.S., not significant.
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Chronic kidney disease (CKD) is a major cause of morbidity and mortality worldwide,

imposing a great burden on the healthcare system. Regrettably, effective CKD therapeutic

strategies are yet available due to their elusive pathogenic mechanisms. CKD is featured

by progressive inflammation and fibrosis associated with immune cell dysfunction,

leading to the formation of an inflammatory microenvironment, which ultimately

exacerbating renal fibrosis. Transforming growth factor β1 (TGF-β1) is an indispensable

immunoregulator promoting CKD progression by controlling the activation, proliferation,

and apoptosis of immunocytes via both canonical and non-canonical pathways. More

importantly, recent studies have uncovered a new mechanism of TGF-β1 for de novo

generation of myofibroblast via macrophage-myofibroblast transition (MMT). This review

will update the versatile roles of TGF-β signaling in the dynamics of renal immunity, a better

understanding may facilitate the discovery of novel therapeutic strategies against CKD.

Keywords: transforming growth factor β, chronic kidney disease, renal inflammation, kidney fibrosis, immunity

INTRODUCTION

Chronic kidney disease (CKD), an increasing contributor to morbidity and mortality, is predicted
to become the 5th most common cause of death worldwide in 2040 (1, 2). CKD can be a
primary disease or a complication initiated by other disorders, including glomerulonephritis (3),
hypertension (4), diabetes (5), infection (6), and genetic causes (7). Its gradual development into
end-stage renal disease (ESRD) is featured by the deposition of excessive extracellular matrix
(ECM) and loss of kidney function (8). Unfortunately, current treatments are ineffective because
of the complicated pathophysiological mechanisms of CKD. Despite there being multiple causes, it
is well-accepted that CKD is a consequence of unresolved inflammation and renal fibrosis (9–14).
Importantly, increasing evidence suggests the dysregulation of renal immunity is important for
CKD development (15–17), e.g., promoting inflammation by their recruitment and adhesion to
the renal epithelium (11, 18) and fibrosis by their secretome induced pro-fibrogenic responses
respectively (17).
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Transforming growth factor-beta (TGF-β) consists of 3
isoforms (TGF-β1, TGF-β2 TGF-β3), TGF-β1 is well-established
as an indispensable driver of renal fibrosis in the pathogenesis
of CKD, while the role of TGF-β2 and TGF-β3 remains largely
undefined (11, 19–21). However, direct targeting of TGF-β1
signaling would affect its physiological functions in the regulation
of cell differentiation, apoptosis, and immune homeostasis (22).
Consequently, disease-specific pathogenic downstream of TGF-
β1 pathway has been proposed to serve as an alternative
therapeutic target and prognostic marker for CKD (23, 24).
Recently, emerging studies have uncovered the downstream
mechanisms of TGF-β1 in both adaptive and innate immunity
during CKD. Better understanding of the regulatory mechanisms
of TGF-β1 signaling in renal immunity may largely facilitate the
therapeutic development of CKD (25).

IMPORTANCE OF TGF-β1 IN CKD
PATHOLOGY

TGF-β1 plays an essential role in the pathogenesis of CKD due
to its anti-inflammatory and fibrotic actions. TGF-β1 is well-
demonstrated as an anti-inflammatory cytokine during the renal
repair process at the early stage of kidney injury (26). In a
mice model of crescentic glomerulonephritis, TGF-β1 inhibits
the release of inflammatory cytokines as well as the infiltration
of macrophages and CD3+ T cells for protecting injured kidney
(27). TGF-β1 can promote the macrophages transiting from pro-
inflammatory M1 into anti-inflammatory M2 phenotype (28).
Nevertheless, short-term activation would facilitate the renal
repair process, whereas endured activation would lead to renal
fibrosis (15). Interestingly, TGF-β1 interrupts NF-κB pathway
via Smad7 (29), interacts with β-catenin/Foxo complex (30), or
modulates c-Jun N-terminal kinase signaling (31) to exert anti-
inflammatory effect. In mice UUO and ischemic/reperfusion
models, TGF-β1 also promotes β-catenin/T-cell factor (TCF)
interaction, thereby simultaneously driving anti-inflammatory
and pro-fibrotic responses via promoting β-catenin binding to
Foxo and TCF, respectively (30, 31). Moreover, several studies
further demonstrated the pro-fibrotic role of TGF-β1 signaling
through mediating the ERK1/2 pathway, P38/MAPK pathway,
and Akt/ERKs pathways (32, 33).

CKD would ultimately progress into end-stage renal disease
(ESRD) due to the progressive fibrotic processes mediated by
TGF-β1 signaling (34). TGF-β1 exerts its pro-fibrotic effects via
both canonical (Smads dependent) and non-canonical (Smads
independent) pathways. In the canonical pathway, Smad2 and
Smad3 are two key downstreammediators of TGF-β receptor that
are highly activated in renal fibrosis (35). Subsequently, activated
Smad2 and Smad3 first complexed with Smad4 (36), then
translocated into the nucleus to transcriptionally regulate pro-
fibrotic molecules expression, including collagens, fibronectin,
and alpha-smooth muscle actin (37–39), thereby facilitating
fibrotic responses. However, each Smads protein is functionally
distinct in the pathogenesis of CKD. Smad3 promotes while
Smad2 suppresses CKD progression (40–42). Notably, Smad3
and Smad2 bind directly to the target gene, and Smad4 is lack

of DNA-binding domains, but Smad4 still serve as regulators of
the transcription process (43–47).

In the non-canonical pathways, TGF-β1 directly activates
non-Smads signaling pathways, including MAPK pathway (48),
PI3K/Akt/mTOR pathway (49), TGF-β1/p38 MAPK pathway
(50), ILK (51), EGFR (52), and Wnt/β-catenin pathway
(53). These non-canonical pathways largely contribute to the
pathogenesis of renal fibrosis, including matrix formation (54),
de-differentiation of proximal tubular cells (55), cell proliferation
and migration (54), and apoptosis (56).

TGF-β1 signaling is the key mechanism of ECM synthesis
by inducing myofibroblasts generation from number of origins,
including epithelial cells, endothelial cells, resident fibroblasts,
and pericytes. Epithelial to Mesenchymal Transition (EMT)
is a well-characterized pathological process of renal fibrosis
featured by the conversion of epithelial cells into mesenchymal
phenotypes. TGF-β1 signaling drives key events of EMT in
vivo and in vitro, including loss of epithelial adhesion, de novo
α-SMA expression, and cell migration (57, 58). During EMT,
the migratory ability and mesenchymal markers, fibronectin,
and α-smooth muscle actin (α-SMA) were acquired, while
epithelium adhesion and E-cadherin protein were lost after the
transition (59–61). Thus, EMT contributes to the pathogenesis of
kidney fibrosis via direct generation of the collagens producing
myofibroblasts (62). In the canonical pathway, Smad3 is highly
activated in the UUO kidney in vivo, and TGF-β1 treated renal
tubular epithelial cells in vitro, driving EMT for themyofibroblast
generation and associated kidney fibrosis, which is blocked
by Smad3 deletion and TGF-β1 neutralizing antibody (63–65).
Non-canonical pathways, including MAPK, Rho-like GTPase,
PI3K/Akt, and Wnt signaling, have been illustrated to have
played emerging roles in EMT induction (28, 66, 67). TGF-
β1/Smad3 signaling also drives Endothelial to Mesenchymal
transitions (EndoMT), where smad3 inhibitor and endothelium-
specific TGF-β receptor knockout reduces EndoMT mediated
diabetic nephropathy in streptozotocin (STZ)-induced diabetes
and tubulointerstitial fibrosis in unilateral ureteral obstruction
models in vivo (68, 69). Resident fibroblasts and pericytes are
rich sources of myofibroblasts, demonstrated by lineage tracing
studies with P0-Cre and Foxd1-Cre to label myofibroblasts
derived from fibroblasts and pericytes, respectively (70, 71).
Resident fibroblasts and pericytes were activated into α-SMA+

myofibroblasts in mice model of obstructive kidney fibrosis via
TGF-β1/Smad3 signaling (72–74). Therefore, TGF-β1 activates
various cell types via both of the canonical and non-canonical
pathways, generating myofibroblast for excess ECM deposition,
ultimately contributing to fibrotic responses in CKD.

TGF-β1 IN ADAPTIVE IMMUNITY OF CKD

B Cell
Interestingly, dysregulation of humoral immunity was observed
in ESRD patients; only 65% of ESRD patients can produce
sufficient titer of antibodies upon vaccination, in contrast to the
95% in healthy control (16, 75). A previous study demonstrated
that B1 (CD19+CD5+) and B2 lymphocytes (CD19+CD5–)
are negatively associated with the progression of CKD but
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positively correlated with the survival of elderly CKD patients,
suggesting B cell deficiency could be a prognostic factor of
CKD progression (76). Autoantibodies production by B-cells
is crucial for the development of IgA nephropathy and lupus
nephritis. In the pathogenesis of IgA nephropathy, B-cells
produce aberrant galactosylated IgA and its autoantibodies
(anti-glycan antibodies) to form immune complexes, which
deposition on mesangial cells to initiates glomerulonephritis
and subsequent CKD progression (77–79). Similarly, in Lupus
nephritis, multiple autoantibodies were involved in the immune
complexes formation, including anti-dsDNA (80), anti-C1q
(81), and anti-nucleosome (82) autoantibodies. Mechanistically,
TGF-β suppresses B-cell maturation into antibody-producing
cells, resulting in antibody abnormalities or autoantibodies
production (83, 84). TGF-β1 inhibits pre-B cell proliferation
via suppressing PI3K/Akt signaling and induces a cell cycle
arrest of pre-B cells specifically at the G0/G1 phase (85). TGF-
β1 also hinders B cell proliferation and activation indirectly via
contacting the regulatory T cells, associated with the upregulation
of granzyme A, granzyme B, and perforin (86). TGF-β1
induces B cell-activating factor (BAFF) production from the
macrophages via Smad3/4 and PKA/CREB signaling pathways
(87). BAFF is a key cytokine regulating B-cells activity, including
proliferation, differentiation, apoptosis, and immunoglobulin
secretion; excessive BAFF would suppress B-cell development
resulting in autoantibodies production in IgA nephropathy and
Lupus nephritis (83, 84, 88) Taken together, TGF-β1 suppress B
lymphocytes development in the pathogenesis of kidney diseases
via both direct and indirect mechanisms.

T Cell
T lymphocyte infiltration has been observed in CKD biopsies
(89, 90) and is positively correlated with the deterioration in
glomerular filtration rate (91), indicating a pathogenic role
of T lymphocytes in the pathogenesis of CKD. Interestingly,
CD8+ T cell abundance is significantly associated with the TGF-
β1 level in the kidney biopsies of lupus nephritis (92). In a
mice model of Crescentic Glomerulonephritis (GN), CD3+ T
cell infiltration and associated glomerular and tubulointerstitial
injuries were largely suppressed in latent TGF-β1 transgenic
mice, compared with wildtype mice (93). TGF-β1 plays a
crucial role in the modulation of T cell migration, activation,
proliferation, and death. The recruitment and differentiation
of CD4+ T cells were regulated by mesenchymal stem cells
(MSCs) via TGF-β1 signaling (94) while TGF-β1 enhances
CD8+ T-cell activation and proliferation by switching the
immune-suppressive myeloid-derived suppressor cells (MDSCs)
into immune-stimulating phenotype in a SMAD-2 dependent
manner (95). This may explain CD8+ T-cell tubulitis and
associated TGF-β1/Smad2/3 signaling activation in a rat model of
aristolochic acid nephropathy (AAN) (96). In addition, TGF-β1
induces oxidative stress in injured renal tissue via mitochondrial
and NADPH oxidases ROS production and suppression of
antioxidant system (97–99). In Mercuric chloride intoxication
and Dahl salt-sensitive rat models, elevated ROS level leading to
the interstitial CD8+ T cells infiltration and associated tubular
damage (100, 101). Adoptive transfer of oxidizing agents treated

CD4+ T cells also caused immune complex glomerulonephritis
in syngeneic recipient mice (102).

On the other hand, regulatory T cells (Tregs) play a protective
role in CKD by suppressing inflammation and immune
cell-mediated fibrosis (30, 103–106). Notably, abundance of
peripheral Tregs is significantly reduced in CKD patients
compared to the healthy controls (107). TGF-β1 is well-
characterized as a Tregs inducer (108, 109). TGF-β1 has been
demonstrated to increase the proliferation, differentiation, and
function of Tregs by not only up-regulating Foxp3 (a master
transcription regulator of Tregs) expression via PP2A pathway
(110) but also suppressing IL-12R (111). Furthermore, TGF-β1
induces membrane-bound TGF-β1 on the Treg cells to suppress
naive CD4+ T cells expansion for immune suppression via
activating Smad3 (112). Surprisingly, Tregs are able to convert
into TGF-β1-producing cells in the inflammatory environment,
which markedly up-regulates the level of TGF-β1 in UUO-
obstructed kidney, therefore aggravating chronic inflammation
and renal fibrosis (113).

TGF-β1 in Innate Immunity of CKD
Neutrophil

Neutrophils are well-documented because of their aggravating
role in inflammation (114), where neutrophil-to-lymphocyte
ratio is a popular prognostic marker for estimating the
mortality of CKD patients (115). Neutrophils can initiate and
amplify inflammatory responses by releasing pro-inflammatory
cytokines (114, 116), and serves as a rich source of TGF-β1
in inflamed tissues (117, 118). During inflammation, TGF-β1
facilitates the accumulation of neutrophils (119, 120), therefore
inhibiting TGF-β1 effectively alleviates neutrophil infiltration
and inflammation (121). Furthermore, TGF-β1 signaling can
be blocked by preventing Smad3 activation, which has been
proposed as a potential therapeutic strategy for fibrotic diseases
driven by neutrophil-mediated inflammation (122, 123).

Dendritic Cell
Dendritic cells (DCs) facilitate renal inflammation via promoting
CD8+ T cell proliferation and activation during the development
of CKD (124, 125). Mechanistically, TGF-β1 promotes DCs
accumulation in fibrotic tissue (126) and modulates DCs-
mediated proliferation and activation of T cells (127–130),
contributing to the imbalance between Th17 and Treg (131)
and the interleukin 17 (IL-17) release from naive CD4+ cells
(132). Importantly, TGF-β1 further stimulates TGF-β1 release
from DCs in an autocrine manner, serving as a major source
of TGF-β1 in the tissue biopsies from stage IV–V CKD patients
(133, 134) and suppressing inflammatory cytokines (IL-12, IL-
18) production in DCs (135, 136). These findings suggest DCs
can regulate the proliferation, activation, differentiation, and
function of T cells via TGF-β1 signaling during inflammation.
It has been demonstrated that targeting of DCs maybe able to
suppress CKD progression by attenuating renal inflammation
and fibrosis (94, 137, 138).
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FIGURE 1 | TGF-β1 in immune cell mediate CKD progression. TGF-β1 modulates immune cell activity in the progression of chronic kidney disease (CKD). After kidney

injury, TGF-β1 is released by kidney cells to aid the resolution of inflammation. However, persistent TGF-β1 signaling activation would promote a chronic inflammation

state via amplification of inflammatory responses. Notably, chronic TGF-β1 signaling activation would further transdifferentiate macrophage into myofibroblast to

produce excessive extracellular matrix molecules (Collagen I and fibronectin), thus eventually lead to the pathogenesis of CKD.

Macrophage
Macrophage is a key player in the pathological process of
CKD that their infiltration due to their pathogenic actions
in both renal inflammation and fibrosis (15, 16, 87, 89,
139, 140). It has been reported that TGF-β1 participated
in macrophages-mediated immune dysfunction during the
progression of CKD (15, 141, 142). TGF-β1 largely increases
macrophages infiltration and accumulation in the injured
kidney via stimulating the release of a potent cytokine for
macrophages recruitment monocyte chemoattractant protein-1
(MCP-1) from various types of renal cells (143–145). TGF-β1
also regulates macrophage polarization and immunomodulatory
cytokines secretion. Upon the kidney injury, TGF-β1 transits
M1 macrophage into regulatory M2c phenotype to facilitate
kidney repair by producing the immunosuppressive and matrix
remodeling activities (146–148). However, the CCL18 secreted
from these CD163+ macrophages also promotes fibroblast
proliferation, leading to the acceleration of kidney fibrosis (149).
TGF-β1 also induces the expression of B cell-activating factor
(BAFF), a key regulator of B cell activities, in macrophages via
Smad3/4 dependent mechanism to influence the macrophages-
mediated pathogenic function of B cells (87). The elevated plasma
level of BAFF was observed in ESRD patients compared to the
control group (150–152). Interestingly, the interaction between
macrophages and TGF-β1 is mutual, where macrophage is the
effector and a rich source of TGF-β1, actively producing and
secreting TGF-β1 in inflamed kidney tissue (153, 154). Thus,
blockade of TGF-β1 signaling effectively reduces macrophages
infiltration (41, 155, 156) as well as significantly reduces

macrophage polarization and extracellular matrix deposition
(157, 158).

Novel Fibrotic Mechanism of TGF-β1:
Macrophage-Myofibroblast Transition
Myofibroblast is an important effector cell type that contributes
to the switching of unresolved inflammation to be renal fibrosis,
they featured by a high level of α-SMA expression and excessive
extracellular matrix deposition (159). The sources of pathogenic
myofibroblasts are highly heterogeneous and still largely
unclear and controversial (160, 161). Macrophage-myofibroblast
transition (MMT) is a newly-identified phenomenon driven
by TGF-β1 signaling as a direct mechanism of macrophage
for promoting myofibroblast generation under unresolved renal
inflammation (15, 162, 163) (Figure 1). Mechanistically, TGF-
β1/Smad3 signaling is suggested as the key regulator for initiating
MMT during renal fibrosis in a UUO model in vivo, where
TGF-β1 induces the de novo expression of myofibroblast marker
α-SMA and effector collagen I in the bone marrow derived
macrophages (BMDMs) via a Smad3-dependent mechanism
(164). Bioinformatic analysis of TGF-β1/Smad3 dependent
transcriptome of MMT in vitro further reveals Src and Pou4f1
as the pathogenic mediator in the Smad3 downstream signaling,
representing a precise therapeutic target for blocking MMT (24,
165). In brief, TGF-β1/Smad3 directly activates a Src-centric gene
network in BMDMs via transcriptional regulation for promoting
theMMT process in the fibrosing kidney (15). More importantly,
Tang et al. further discovered the importance of a neural-
specific homeobox/POU domain protein Pou4f1 in the Smad3
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FIGURE 2 | Role of TGF-β1 in unresolved inflammation. TGF-β1 activation promotes innate immune cells accumulation (neutrophil, macrophage, and dendritic cell)

at the inflammatory site, which in-turn further activate adaptive immune cells (B and T cells) and dendritic cells to amplify the inflammatory responses in chronic

inflamed kidney.

downstream as a specific mediator for regulating MMT (24).
Besides, non-canonical TGF-β1 signaling also induces MMT via
β-catenin/TCF pathway, promoting pro-fibrotic gene expression
in the kidney infiltrating macrophages (30, 166). Inhibitor of
Src (PP1) and TCF (ICG-001) and BMDM-specific Pou4f1
silencing effectively suppress the MMT process and associated
renal fibrosis, suggesting MMT may be therapeutically targeted
to restrain CKD progression (24, 165).

THERAPEUTIC STRATEGIES FOR
TARGETING THE TGF-β1-MEDIATED CKD

TGF-β1 signaling is essential for the progression of renal
fibrosis and has been proposed as a therapeutic target for
CKD (Figure 2), however systematically targeting TGF-β1
would also suppress its physiological functions and may result
in adverse side effects (167, 168). Emerging clinical trials
demonstrated that direct targeting TGF-β1 signaling was highly
associated with adverse events in 23 to 87% of the kidney
patients (167, 169, 170). Nevertheless, alternative approaches
that specifically targeting the pathogenic mediators in TGF-
β1 downstream may prevent the side effects. The molecular
mechanism of Smad3 in renal pathology is intensively elucidated
among the other Smads, genetic deletion of Smad3 effectively
protected mice against collagen deposition after kidney injury
(63, 171, 172). Therefore, several strategies targeting Smad3
have been investigated in a number of pre-clinical studies.

Encouragingly, a Smad3 specific inhibitor SIS3 and a natural
compound isolated from Poria cocos Poricoic acid effectively
suppressed renal fibrosis development in experimental models
of diabetic nephropathy (68), obstructive nephropathy (173),
and ischemia-reperfusion injury (174) in vivo. In addition,
diterpene and triterpenes (175), 25-O-methylalisol F (176), and
IC-2 derivatives (177) are also capable of suppressing Smad3
activation and pro-fibrotic molecules production (Collagen I and
fibronectin) in the renal epithelial cells. Importantly, emerging
evidence showing macrophages mediate the therapeutic effect
of Smad3 inhibition. Smad3 inhibition or genetic deletion
suppressed MMT in mouse models of chronic Renal Allograft
Injury (178), unilateral ureteric obstruction (164), contributed
50–60% reduction of myofibroblast population, and suppressed
macrophage infiltration in type 2 diabetic nephropathy (179),
thus contributing to the protective effect of Smad3 targeted
therapy. Furthermore, noncoding RNAs including LRNA9884
(180), Erbb4-IR (20, 181), miR-29b (182), anti-miR-433 (183),
lnc-TSI (184), and anti-miR-21 (185) were discovered from
the TGF-β/Smads signaling for the obstructive and diabetic
nephropathy. Among them, RNA therapies targeting LRNA9884
and miR-29b could modulate leukocytes infiltration via
inflammatory cytokines expression, thus suppressing renal
inflammation in diabetic nephropathy (180, 182, 186, 187).
Importantly, these RNA-based therapies effectively restrained
CKD progression with minimal side effects thanks to their
specificity (188, 189). In addition, targeting the non-canonical

Frontiers in Medicine | www.frontiersin.org 5 February 2021 | Volume 8 | Article 62851969

https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles


Tang et al. TGF-β1 Signaling in Kidney Diseases

TABLE 1 | Pre-clinical studies for the treatment of CKD by specifically targeting the downstream of TGF-β1.

Drugs Target Route and effective dose Disease model Results References

Canonical pathway

SIS3 Smad3 I.p. 0.2, 2 mg/kg/day UUO kidneys

1 week

BALB/c male mice

↓ Fibrosis

↓ p-Smad3/Fn/Collagen I/III

↓ Myofibroblast

(α-SMA+ cells)

(173)

SIS3 Smad3 In vitro

1µM

I.p. 2.5, 5µg/g SIS3

TGF-β1/AGEs induced Mouse pancreatic

microvascular endothelial cells (MMECs)

5 Days STZ 50µg/g induced diabetes on

Tie2-Cre; Loxp-EGFP mice (C57BL/6J)

↓ p-Smad3

↓ RAGE-mediated EndoMT

↓ Collagen I/ α-SMA/ Fn

(68)

Poricoic Acid A (PAA) Smad3 In vitro

10µM

10 mg/kg oral gavage

TGF-β/ hypoxia/reoxygenation treated

HK-2 cells

Rats IRI model

↓ p-Smad3

↓ Collagen I/ α-SMA/ Fn

(174)

IC-2 derivatives Smad3 In vitro

10, 20µM

TGF-β1 induced

Tubular epithelial cells

HK-2 cells

↓ p-Smad3

↓ Collagen 1

(177)

25-O-methylalisol F

(MAF)

Smad3 In vitro

10µM

TGF-β1/ANG stimulated

NRK-52E cells

Tubular epithelial cells

↓ p-Smad3

↓ Wnt/β-catenin

↑ Smad7 expression

↓ Collagen I, Fn, α-SMA

(176)

Diterpene (PZF) and

triterpenes (PZH)

Smad3 In vitro

10µM

TGF-β1/ANGII induced

Human kidney proximal epithelial cells

(HK-2) Immortalized mouse

podocytes (MPC5)

↓ p-Smad3

↓ Collagen I/ α-SMA/ Fn

↓ Wnt/ β-catenin

↓ MMP-7/PAI-1/Fsp-1

(175)

miR-29b Smad3 Ultrasound microbubble

mediated-Mir-29b gene

transfer

db/db or db/m mice

AGE induced rat MC line and tubular

epithelial cell line (NRK52E)

↓ p-Smad3/ Collagen I/III

↓ Microalbuminuria

↓ Mesangial index

(histological injury)

(182)

Anti-miR-433 Smad3 Ultrasound-mediated gene

transfer of inducible

miR-433 shRNA

Obstructive nephropathy mouse model

(UUO)

Normal rat TEC line, NRK52E

↓ Collagen I/ α-SMA/ Fn

↓ p-Smad3

(183)

lnc-TSI Smad3 i.v. injection of

pcDNA3.1-lnc-TSI

UUO rat model

TGF-β1 treated human TECs

↓ Collagen I/ α-SMA/ Fn

↓ Kidney fibrosis (tubular

interstitial fibrosis

indexes/Serum creatinine)

(184)

Anti-miR-21 Smad3 Ultrasound-mediated gene

transfer of inducible miR-21

knockdown

High glucose-induced rat mesangial cell

(MC)

and tubular epithelial cell (TEC), NRK52E

Kidneys of db/db mice

↓ Collagen I/ IV/ Fn

↓ p-Smad3

(185)

Non-canonical pathway

Trametinib

(MEK inhibitor)

ERK1/2,

mTORC1

3 mg/kg oral gavage UUO mouse model ↓ α-SMA/ Vimentin

↓ p-ERK1/2, p-Akt

(191)

Renalase ERK1/2 Adenovirus renalase gene

delivery

UUO mouse model ↓ p-ERK1/2

↓ Collagen I/ α-SMA/ Fn

(190)

QiShenYiQi (QSYQ)

Traditional Chinese

Medicines

β-catenin 250, 500 mg/kg/d

intra-gastric

In vitro

5, 10, 20µg/ml

UUO rat model

TGF-β treated

Normal kidney proximal tubular (NRK52E)

and renal fibroblast cells (NRK49F)

↓ Collagen I/ α-SMA/ Fn

↓ β-catenin

(192)

α1-adrenoceptor

inhibitors

p38 Tamsulosin (i.p.)

0.4 mg/kg/day

UUO mouse model ↓ Serum creatinine and urea

↓ KIM-1/NGAL/ PAL-1

↓ α-SMA/vimentin/Snai1/

Fibronectin

(193)

Aloe-emodin PI3K/Akt/

mTOR

20 mg/kg/day

oral gavage

UUO mouse model ↓ Tubule injury index score.

↓ Masson trichromatic +ve

area

↓ Collagen I/Fn

↓ Scr/BUN/urine volume

(49)

UUO, unilateral ureteral obstruction; EMT, epithelial-mesenchymal transition; SIS3, specific Inhibitor of Smad3; CKD, chronic kidney disease; Fn, Fibronectin; Scr, Serum creatinine;

BUN, blood urea nitrogen; α-SMA, Alpha-smooth muscle actin; STZ, Streptozotocin; ANG, Angiotensin; KIM-1, Kidney Injury Molecule-1; NGAL-1, neutrophil gelatinase-associated

Lipocalin; PAL-1, plasminogen activator inhibitor 1, RAGE MMP-7/PAI-1/Fsp-1.
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TGF-β1 signaling including ERK1/2 (190, 191), β-catenin
(192), p38 (193), and PI3K/Akt (49) also suppressed the pro-
fibrotic actions in obstructive nephropathy, demonstrating
the therapeutic potential of targeting the TGF-β1 downstream
mediators (Table 1).

CONCLUSION AND FUTURE
PERSPECTIVES

TGF-β1 exerts its pathogenic roles in the progression of
CKD by regulating both of the innate and adaptive immunity
in the injured kidney via the canonical and non-canonical
pathways including a novel fibrotic mechanism MMT. The
TGF-β1 driven development of renal fibrosis from unresolved
inflammation is well-observed, but underlying mechanisms
remain largely unexplored. Better understanding of the
underlying mechanisms of TGF-β1 pathways uncovered a
number of novel pathogenic mediators from the downstream
signaling, which may represent an effective therapeutic
strategy to prevent renal inflammation progress into fibrosis.
Moreover, the TGF-β1 regulating immune cells also contribute
to other fibrotic diseases. In addition, further studies of TGF-β

isoforms (TGF-β2, TGF-β3) on immune cells may reveal
their therapeutic potential in renal immunity driven CKD
progression. Current clinical trials targeting renal immunity
shows promise, further investigation for validating the safety
and effectiveness of these therapeutic approaches would
discover new hope for patients with fibrotic diseases in the
coming future.
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Spleen tyrosine kinase (Syk) is a non-receptor tyrosine kinase involved in signal transduction 
in a variety of immune responses. It has been demonstrated that Syk plays a pathogenic 
role in orchestrating inflammatory responses and cell proliferation in human mesangial 
cells (HMC) in IgA nephropathy (IgAN). However, whether Syk is involved in tubular damage 
in IgAN remains unknown. Using human kidney biopsy specimens, we found that Syk 
was activated in renal tubules of biopsy-proven IgAN patients with an increase in total 
and phosphorylated levels compared to that from healthy control subjects. In vitro, cultured 
proximal tubular epithelial cells (PTECs) were stimulated with conditioned medium prepared 
from human mesangial cells incubated with polymeric IgA (IgA-HMC) from patients with 
IgAN or healthy control. Induction of IL-6, IL-8, and ICAM-1 synthesis from cultured PTECs 
incubated with IgA-HMC conditioned medium was significantly suppressed by treatment 
with the Syk inhibitor R406 compared to that from healthy control. Furthermore, R406 
downregulated expression of phosphorylated p65 NF-κB and p-42/p-44 MAPK, and 
attenuated TNF-α-induced cytokine production in PTECs. Taken together, our findings 
suggest that Syk mediates IgA-HMC conditioned medium-induced inflammation in tubular 
cells via activation of NF-κB and p-42/p-44 MAPK signaling. Inhibition of Syk may be a 
potential therapeutic approach for tubulointerstitial injury in IgAN.

Keywords: IgA nephropathy, spleen tyrosine kinase, inflammation, NF-κB, MAPK

INTRODUCTION

IgA nephropathy (IgAN) was first described over 50  years ago (Tang, 2018) and remains 
the most common form of primary glomerulonephritis worldwide with a hallmark feature 
of IgA1 deposits in the glomerular mesangium (Wyatt and Julian, 2013). Most patients with 
IgAN present a slowly progressive clinical course and about 30–40% of patients will develop 
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kidney failure within 20–30 years of diagnosis (Lai et al., 2016). 
Apart from a prediction tool that takes into account 
clinicopathologic features at the time of kidney biopsy (Barbour 
et  al., 2019), there are no other means that take into account 
pathogenetic processes that accurately predict who will progress 
to kidney failure. Studies over the past decades have indicated 
that circulating glycosylated IgA1 binds to autoantibodies and 
forms immune complexes that deposit in the mesangium, 
resulting in activated resident cells and local inflammation 
(Novak et al., 2018). More evidence have shown that mesangial-
derived mediators contribute to the pathogenesis of 
tubulointerstitial damage and podocyte injury via mesangial–
podocytic–tubular crosstalk (Leung et al., 2018). Genome-wide 
association studies have also demonstrated that genetic 
components are implicated in disease pathogenesis and 
identified several susceptibility genes and loci associated with 
immune regulation (Zhang et  al., 2017). Although important 
progress has been made in understanding the pathogenic 
mechanism of IgAN since the disease was first discovered, 
an effective and specific therapy for IgAN is still lacking 
(Barratt and Tang, 2018). Tampering the immune system 
stems from partial treatment efficacy using various forms of 
immunosuppression such as corticosteroid (Lv et  al., 2017), 
mycophenolate (Tang et  al., 2010), and more recently 
hydroxychloroquine (Liu et  al., 2019).

Spleen tyrosine kinase (Syk) is a cytoplasmic tyrosine kinase 
highly expressed in most immune cells, where Syk plays a 
critical role in cell signaling during hematopoietic cell activation 
and differentiation (Mocsai et  al., 2010). Syk is activated by 
stimulation of immunoreceptor expressed on immune cells, 
the two SH2 domains of Syk specifically bind to the dual 
phosphorylated immunoreceptor tyrosine-based activation motifs 
(ITAMS), triggering kinase activation and multiple downstream 
signaling pathways (Kaur et  al., 2013). Syk is also expressed 
in various non-hematopoietic cells including epithelial cells, 
endothelial cells, fibroblasts, and neuronal cells. Numerous 
studies have revealed a diverse biological role of Syk in cell 
adhesion, platelet activation, vascular development, and cancer 
growth (Yanagi et al., 2001; Bartaula-Brevik et al., 2018). Given 
that Syk is an upstream mediator of multiple signaling pathways 
in the immune responses, it has been used as a potential 
therapeutic target for autoimmune diseases and immune-mediated 
disorders (Ghosh and Tsokos, 2010; Lucas and Tan, 2014; 
Szilveszter et  al., 2019).

Syk is also expressed in human and murine mesangial 
cells and plays a pathogenetic role in IgAN. Syk expression 
is required for the IgA-induced production of inflammatory 
cytokines including MCP-1, IL-6, IL-8, and RANTES in 
human mesangial cells (Kim et  al., 2012). IgA may bind to 
a novel Fcα receptor that mediates phosphorylation of Syk 
and MCP-1 synthesis in IgA-activated mesangial cells (Barratt 
et  al., 2000; Tsuge et  al., 2003), though the expression of 
Fcα receptor on human mesangial cells is controversial (Leung 
et  al., 2000). Other potential IgA receptor present on  
mesangial cells such as transferrin receptor (CD71) and 
galactosyltransferase 1  have been identified to recruit Syk 
for activation (Moura et  al., 2001; Molyneux et  al., 2017). 

In vivo, treatment with fostamatinib, the selective Syk inhibitor 
and a prodrug of R406, significantly reduces proteinuria, 
glomerular macrophage infiltration, and tissue damage in an 
animal model of antibody-mediated glomerulonephritis, 
suggesting a potential protective effect of Syk inhibition on 
IgAN (Smith et  al., 2010).

In this study, we  report that Syk is an important mediator 
of tubular activation in IgAN. Both expression and 
phosphorylation of Syk were upregulated in renal tubules of 
kidney biopsies from patients with IgAN. We  also found that 
inhibition of Syk could attenuate the inflammatory changes 
in PTECs triggered by glomerulotubular crosstalk, via 
downregulation of NF-κB and p-42/p-44 MAPK signaling.

MATERIALS AND METHODS

Sample Collection
Serum samples were collected from Chinese patients (age 
49  ±  12  years) with clinical (eGFR 60.52  ±  25.04  ml/min per 
1.73  m2 and serum creatinine 169  ±  130  μmol/l) and renal 
immunopathological diagnosis of primary IgAN (n  =  20) and 
healthy subjects (n  =  20) with no microscopic hematuria or 
proteinuria as normal controls. Renal tissue biopsy were obtained 
from patients with IgA nephropathy (n  =  5). Normal portions 
of renal tissues removed from nephrectomy specimens for the 
treatment of solitary renal carcinoma in the opposite pole 
were used as control (n  =  5). Table  1 provides the clinical 
characteristics of the five patients with IgAN at the time of 
biopsy. This study was conducted in accordance with the 
principles of the Declaration of Helsinki. The use of serum 
and tissue specimens for this study was approved by the 
Research Ethics Committee/Institutional Review Board of the 
University of Hong Kong/Hospital Authority Hong Kong West 
Cluster. Written informed consent was obtained from all subjects 
before sample collection.

Isolation of IgA1
Polymeric IgA1 was isolated and purified from sera of IgAN 
patients and healthy subjects as described previously (Leung 
et  al., 2001). Briefly, IgA1 was purified using a jacalin-agarose 
affinity column from Pierce (Rockford, IL, United  States), and 
the purity was confirmed by SDS-PAGE. Five groups of pooled 
IgA, each from four different IgAN patients or healthy control 
subjects, were used in the subsequent experiment.

Immunohistochemical Staining
Kidney biopsies were fixed in 10% neutral-buffered formalin 
and paraffin-embedded. Immunohistochemical staining was 
performed on tissue sections (4 μm) by incubation with primary 
antibody against total Syk and phosphor-Syk (Cell Signaling 
Technology, Beverly, MA), followed by peroxidase conjugated 
secondary antibodies. All sections were counterstained with 
hematoxylin. The percentage of stained area was quantified by 
Image J software (NIH).
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Cell Culture
Normal human mesangial cells (HMCs) were obtained from 
Lonza (Walkersville, MD, United  States) and grown in RPMI 
1640 medium supplemented with 5% fetal bovine serum (FBS; 
Invitrogen, Carlsbad, CA, United  States) at 37°C in 5% CO2 
atmosphere. Human primary renal proximal tubular epithelial 
cells (PTECs) were obtained from Lonza and cultured in renal 
epithelial cell growth basal medium (REBM) with growth 
supplements at 37°C in 5% CO2 atmosphere. In all experiments, 
cells grown between passages 3–6 were used and serum starved 
for 24  h before stimulation.

Preparation of IgA HMC Conditioned 
Media and Stimulation of PTECs
Conditioned media (IgA HMC medium) were prepared by 
incubating HMCs (1  ×  106 cells in a six-well culture plate) 
with pooled IgA (50  μg/ml) from IgAN patients or healthy 
control in RPMI 1640 medium containing 0.5% FBS for 48  h. 
Cells incubated with RPMI medium alone were used as the 
medium control. The supernatant of cell culture was collected 
and stored at −70°C until use. Confluent, growth-arrested 
PTECs were incubated in RPMI 1640 medium containing 0.5% 
FBS and 20-fold diluted conditioned medium for 4  h (gene 
analysis) and 48 h (protein analysis) with or without pre-treatment 
of Syk inhibitor R406 (2  μM) for 1  h. PTECs were incubated 
with TNF-α (10  ng/ml) for 48  h.

RNA Extraction and Real-Time PCR 
Analysis
Total RNAs were isolated from PTECs using Trizol reagent 
(Invitrogen). One micrograms of total RNAs were reverse 
transcribed to cDNA and mRNA expression were detected by 
ABI Real-time PCR System using SYBR Green Master Mix 
(Applied Biosystems, Carlsbad, CA, United  States). Primer 
sequences were IL-6, forward 5'-ATGAACTCCTTCTCCACA 
AG-3' and reverse 5'-TGTCAATTCGTTCTGAAGAG-3'; IL-8, 
forward 5'-GTGCAGTTTTGCCAAGGAGT-3' and reverse 5'-TA 
ATTTCTGTGTTGGCGCAG-3'; ICAM-1, 5'-GGCCTCAGTCA 
GTGTGA-3' and reverse 5'-AACCCCATTCAGCGTCA-3'; 
β-actin, forward 5'-TGACGTGGACATCCGCAAAG-3' and 
reverse 5'-CTGGAAGGTGGACAGCGAGG-3'. Relative gene 
expression was obtained after normalization with β-actin, and 
followed by comparison to control group using SDS software 
(Applied Biosystems).

Cytokine Detection by ELISA
Culture media were collected after 48 h incubation. IL-6, IL-8, 
and ICAM-1 protein levels were quantified using commercial 
kit (PeproTech, Rocky Hill, NJ) according to manufacturer’s 
instructions. The detection sensitivity range is 24–1,500 pg/ml 
for IL-6, 8–1,000  pg/ml for IL-8, and 23–3,000  pg/ml 
for ICAM-1.

Western Blot Analysis
Cells were lysed with lysis buffer containing protease inhibitor 
cocktails (Sigma-Aldrich, St. Louis, MO). Equal amounts of 
protein were resolved in 12% SDS-PAGE gel (Invitrogen) 
and transferred to PVDF membrane (Millipore, Bedford, 
MA, United  States). After blocking, the membranes were 
incubated with antibodies against phosphor-NF-κB (p-p65), 
NF-κB (p65), phosphor-p42/p-p44 MAPK (p-p42/p-p44),  
and total p42/p44 MAPK (Cell Signaling Technology),  
and subsequently incubated with peroxidase-conjugated 
secondary antibody (Dako, Carpinteria, CA, United  States). 
The immunocomplex was visualized with ECL prime 
chemiluminescence (GE Healthcare, Buckinghamshire, 
United  Kingdom) using the ChemiDoc XRS+ system (Bio-
Rad, Hercules, CA, United  States). Quantification of protein 
bands was performed by the ImageJ program (NIH, Bethesda, 
MD, United  States).

Statistical Analysis
All the data were obtained from at least three independent 
experiments and expressed as mean ± SEM. Differences between 
multiple groups were evaluated with one-way analysis of variance 
followed by Bonferroni’s comparison using GraphPad Prism, 
version 4 (GraphPad Software, San Diego, CA, United  States). 
Data were considered statistically significant at p  <  0.05 
(∗p  <  0.05; ∗∗p  <  0.01, and ∗∗∗p  <  0.001).

RESULTS

Increased Expression of Total and 
Phosphorylated Syk in Renal Biopsies 
From Patients With IgAN
To confirm the activation of Syk signaling in IgAN, expression 
of total and phosphor Syk was evaluated in human renal 

TABLE 1  |  Clinical characteristics of patients with IgAN at the time of biopsy.

Pt

ID

Sex Age

(years)

sCr

(μmol/L)

eGFR

(ml/min per 
1.73 m2)

UPCR

(mg/mmol Cr)

Hypertension

(Y/N)

On RAAS 
blocker

(Y/N)

On 
Corticosteroid

(Y/N)

1 M 71 92 70 77 Y Y N
2 F 58 81 63 189 Y Y N
3 F 28 202 26 113 N Y N
4 M 60 82 83 540 N N N
5 F 54 73 72 99 N Y N

eGFR, estimated glomerular filtration rate; IgAN, IgA nephropathy; Pt, patient; RAAS, Renin-angiotensin-aldosterone system; sCr, serum creatinine; UPCR, spot urine protein-to-
creatinine ratio.
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biopsies by immunohistochemistry. Syk (total) was detected 
on renal tubules, but not in glomeruli of normal kidney 
tissue from patient with renal carcinoma. The expression 
level of total Syk was markedly increased in renal tubular 
cells and slightly increased in glomeruli from patients with 
IgAN compared to normal control. Similarly, the expression 
level of phosphorylated Syk (phosphor) was significantly 
upregulated in both renal tubules and glomeruli. Phosphorylated 
Syk was not detectable in both compartments of normal 
kidney tissue (Figure  1).

Syk Inhibitor Suppressed the Activation of 
PTECs Cultured With IgA-HMC Medium
Following the immunohistochemical findings of increased 
Syk expression levels in renal tubules of IgAN, we  next 
determined whether tubulointerstitial inflammation in IgAN 
was mediated via Syk activation. Cultured PTECs were 
pretreated with or without Syk inhibitor R406 before incubation 
with IgA-HMC medium. The expression of IL-6, IL-8, and 
ICAM-1 mRNA were significantly upregulated in PTECs 
incubated with conditioned medium from patients with IgAN 
compared with conditioned medium from healthy control 
and medium control. Pretreatment with R406 significantly 
suppressed IgA-HMC medium-induced cytokine expressions 
from PTECs. Similar inhibitory effect of R406 was observed 
when PTECs were incubated with medium alone (Figure 2A). 
Likewise, IL-6, IL-8, and ICAM-1 synthesis was upregulated 
when PTECs were incubated with IgA-HMC medium and 

the production of these mediators were attenuated in the 
presence of R406 (Figure  2B).

Syk Inhibitor Relieved the Activation of 
NF-κB and MAPK Signaling PTECs 
Cultured With IgA-HMC Medium
Activation of NF-κB and MAPK signal pathway has been implicated 
in the pro-inflammatory responses of tubular epithelial cells. 
We then investigated the effect of Syk inhibition on phosphorylation 
of p65 NF-κB and p42/p44 MAPK by Western blot analysis. 
Incubation with IgA-HMC medium from patients with IgAN 
significantly activated the expression level of phosphorylated p65 
(p-p65) and p42/p44 (p-p42/p-p44) in PTECs compared to cells 
incubated with IgA HMC medium from healthy control. The 
activation of these signal pathways were markedly suppressed 
by treatment with Syk inhibitor R406 (Figure  3).

Syk Activation Was Involved in TNF-α-
Induced Pro-inflammatory Cytokine 
Production in PTECs
Our previous study shows that TNF-α derived from HMC 
stimulated with IgA from IgAN patients activates tubular cells 
(Chan et  al., 2005b), and it is a potent mediator for NF-κB 
and p42/p44 MAPK signal transduction. We  tested whether 
Syk activation was involved in TNF-α-induced pro-inflammatory 
cytokine production in PTECs. In response to TNF-α, synthesis 
of IL-6, IL-8, and ICAM-1  in supernatant of PTECs was 
significantly increased as determined by ELISA. Treatment with 

A B

FIGURE 1  |  Spleen tyrosine kinase (Syk) expression in human kidney tissues. (A) Total and phosphor Syk protein were detected renal biopsies from normal control 
and patients with IgA nephropathy (IgAN) using immunohistochemical staining. (B) Quantitative analysis of different groups. **p < 0.01 between groups as indicated. 
400X magnification.
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Syk inhibitor R406 downregulated cytokine synthesis of all 
three kinds whereas PTECs treated with R406 only had no 
effect on cytokine synthesis (Figure  4).

DISCUSSION

This study demonstrates that the expression level of Syk is 
significantly higher in kidney biopsies from patients with 
IgAN compared to that from normal control. Moreover, the 
expression level of phosphorylated Syk is also markedly 
increased in renal tubules, indicating kinase activation of Syk 
in tubular cells from patients with IgAN. Of note, increased 
Syk expression and phosphorylation is observed in the glomeruli 
from IgAN, which is consistent to the previous study showing 
the pathogenic role of Syk in IgAN (Kim et  al., 2012). Syk 
is an immunoreceptor-associated signaling protein, and therefore 
upregulation of phosphorylated Syk confirms the inflammatory 
events in the tubulointerstitium or activation of tubular epithelial 
cells in IgAN. Our findings demonstrate that Syk activation 
not only occurs in glomerular lesions as reported in the 
previous study, but it also plays a significant role in 
tubulointerstitial injury.

To confirm our hypothesis that Syk mediates inflammatory 
responses of activated tubular cells in IgAN, we   
conducted a pharmacological inhibition study with Syk  
inhibitor on cultured PTECs. Based on our previous data 
that tubulointerstitial damage in IgAN is mediated by 
glomerulotubular communication, via humoral factors, rather 
than direct binding of IgA to PTECs (Chan et  al., 2004), 
cultured PTECs was incubated with conditioned medium from 
IgA-stimulated HMCs. Syk inhibition by R406 blocks in vitro 
tubular activation by suppressing NF-κB and p42/p44 MAPK 
signaling pathway and cytokine production in PTECs. R406, 
the active metabolite of fostamatinib, is a potent Syk inhibitor 
for blocking of its kinase activity. Numerous studies have 
demonstrated that R406 reduces immunoreceptor-mediated 
leukocyte activation and inflammation in the animal model 
of antibody-induced arthritis (Braselmann et al., 2006), ANCA-
associated glomerulonephritis (Mcadoo et al., 2020) and lupus 
nephritis (Kitai et al., 2017). Syk is important for downstream 
signal transduction from cell surface immunoreceptor. Our 
finding shows that IgA-HMC medium prepared from IgAN 
patients induces activation of NF-κB and p42/p44 MAPK 
signaling in PTECs, which can be suppressed by Syk inhibitor. 
Taken together, our data suggest that Syk is required for 

A

B

FIGURE 2  |  Inhibition of Syk by R406 suppresses inflammatory cytokine expression in proximal tubular epithelial cells (PTECs). (A) qPCR and (B) ELISA with 
quantitative analysis on IL-6, IL-8, and ICAM-1 expression in PTECs incubated with conditioned medium from patients with IgAN (IgAN-CM), conditioned medium 
from healthy control subjects (control-CM) and medium control. *P < 0.05; **P < 0.01 and ***P < 0.001 between groups as indicated.
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triggering activation of downstream NF-κB and p42/p44 MAPK 
pathway in tubular inflammation in IgAN.

Activation of Syk is crucial for regulating intracellular 
signal transduction in innate immune cells (Lowell, 2011). 
For example, in human monocytes, tyrosine kinase inhibitor 
blocks intergrin-mediated Syk phosphorylation and NF-κB-
driven IL-β expression (Lin et  al., 1995). Other studies have 
revealed that ligation of C-type lectin receptors in myeloid 
cells, via Syk activation, is coupled to aggregation of 

caspase-recruitment domain-containing 9 (CARD9) or CARD-
containing MAGUK protein 1 (CARMA1) with mucosa-
associated lymphoid tissue 1 (Malt1) and B-cell lymphoma 
10 (Bcl10), which in turn leads to the activation of downstream 
NF-κB pathway (Klemm et  al., 2006; Hara et  al., 2007; Hara 
and Saito, 2009). Tubular NF-κB expression is correlated with 
the degree of macrophage infiltration, tubulointerstitial fibrosis 
and renal survival in renal tissue from patients with primary 
IgAN (Silva et al., 2011). Thus, activation of tubular epithelial 

A B

FIGURE 3  |  Inhibition of Syk by R406 attenuates activation of NF-κB and MAPK signaling pathway in PTECs. Western blot analysis with quantitative analysis on 
expression of (A) p-p65 and total p65 of NF-κB and (B) p-p42/p-p44 and total p42/p44 of MAPK in PTECs incubated with conditioned medium from patients with 
IgAN (IgAN-CM) with and without R406, and conditioned medium from healthy control subjects (control-CM). β-actin was used as loading control. *p < 0.05 and 
**p < 0.01 between groups as indicated.

A B C

FIGURE 4  |  Inhibition of Syk by R406 reduces TNF-α-induced inflammatory cytokine production in PTECs. ELISA with quantitative analysis on protein expression 
of (A) IL-6, (B) IL-8 and (C) ICAM-1 in culture supernatant from PTECs incubated with control medium, TNF-α and TNF-α pretreated with R406. *p < 0.05; 
**p < 0.01 and ***p < 0.001 between groups as indicated.
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cells is closely associated with renal deterioration. Previous 
data have found that upregulation of p42/p44 MAPK signaling 
is detected in activated PTECs via glomerulotubular 
communication. Release of Angiotensin II (Ang II) from 
IgA-stimulated HMCs binds to Ang II type 1 receptor (AT1R) 
on PTECs, triggering the phosphorylation of p-42/p44 MAPK 
and subsequent inflammatory responses (Chan et  al., 2005a). 
Our finding indicates that Syk activation plays a role in p42/
p44 MAPK signaling transduction in tubular inflammation 
in IgAN. However, it is unclear how Syk activation mediates 
the activation of p42/p44 MAPK signaling pathway. 
Phosphoinositide 3-kinases (PI3K) have been shown to be  a 
direct binding partner of activated Syk. The Syk–PI3K 
interaction triggers Akt and PKC signaling pathway, which 
mediates the activation of p42/p44 MAPK signal transduction 
(Mocsai et  al., 2010). Thus, it is possible that Syk activation 
mediates downstream p42/p44 MAPK signaling via PI3K-
Akt-PKC pathway.

In hematopoietic cells, the engagement of immunoreceptor 
with ITAM triggers Syk activation and the subsequent 
downstream signal pathways (Turner et al., 2000). In mesangial 
cells, several potential IgA receptors have been identified for 
IgA-mediated immune responses. For example, blockade of 
galactosyltransferase 1 inhibits IgA-induced phosphorylation 
of Syk and synthesis of IL-6  in HMCs, suggesting IgA binds 
to galactosyltransferase 1 and leads to Syk activation (Molyneux 
et  al., 2017). However, IgA1 deposits are rarely detected in 
tubulointerstitium in IgAN and there is no binding of IgA 
to tubular epithelial cells (Frasca et  al., 1982), it remains 
unclear how Syk is activated in PTECS. Our data show that 
inhibition of Syk suppresses TNF-α-induced cytokine 
production in PTECs, suggesting that TNF-α may activate 
Syk, which in turn induce NF-κB signal transduction. Our 
previous study demonstrates that TNF-α is a mesangial-derived 
cytokine that has been implicated in the glomerulotubular 
crosstalk (Chan et  al., 2005b). Indeed, immunoprecipitation 
study have shown that TNF-α induces the binding of Syk 
to two TNF-α receptors, TNFR1 and TNFR2, in Jurkat cells 
and recruitment of Syk modulates TNF-α-induced activation 
of NF-κB (Takada and Aggarwal, 2004). Taken together, Syk 
in tubular epithelial cells may be  activated by mesangial-
derived TNF-α, leading to activation of NF-κB and p42/p44 
MAPK signaling pathway.

The importance of Syk activation in the innate immunity 
is well recognized for decades. Several Syk inhibitors including 
fostamatinib (R788), entospletinib (GS-9973), cerdulatinib 
(PRT062070) and TAK-659 are being evaluated under clinical 
trials (Liu and Mamorska-Dyga, 2017). Accumulating evidence 
shows that Syk is a crucial player in the pathogenesis of 
immune-mediated glomerulonephritis such as IgAN, anti-GBM 
glomerulonephritis and lupus nephritis (Ma et  al., 2017). Syk 
targeting therapy in mouse model of UUO demonstrates a 
beneficial effect on renal fibrosis (Chen et al., 2016). Treatment 
with fostamatinib reduces proteinuria and renal inflammation 
in rats with anti-GBM glomerulonephritis (Chen et  al., 2016). 
Although, we  and others have demonstrated the pathogenic 
role of Syk in mediating inflammatory events in both mesangial 

cells and tubular epithelial cells, the renoprotective effect of 
Syk inhibitor has not been investigated in animal model of 
IgAN due to the lack of a murine line that consistently developing 
IgAN and the difference in IgA1 between human and rodents. 
Recent advance in the development of grouped ddY mouse 
model of IgAN may be  a useful tool for future investigation 
(Suzuki et  al., 2014). Furthermore, a phase II randomized 
controlled trial has been conducted to evaluate the efficacy 
and safety of fostamatinib in treatment of patients with IgAN 
(Ma et  al., 2016).

In this study, we  have demonstrated that Syk is activated 
in renal tubular cells from patients with IgAN. Inhibition of 
Syk can suppress inflammatory responses in activated tubular 
epithelial cells evoked by glomerulotubular crosstalk, via 
downregulation of NF-κB and TNF-α signal transduction. 
Our findings are in line with previous data on the beneficial 
effect of Syk inhibition in renal diseases and provide further 
evidence on the important role of Syk in tubulointerstitial 
injury and Syk inhibition is a potential therapeutics for IgAN 
in the future.
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Chronic Kidney Disease (CKD) is characterized by organ remodeling and fibrosis due to

failed wound repair after on-going or severe injury. Key to this process is the continued

activation and presence of matrix-producing renal fibroblasts. In cancer, metabolic

alterations help cells to acquire and maintain a malignant phenotype. More recent

evidence suggests that something similar occurs in the fibroblast during activation.

To support these functions, pro-fibrotic signals released in response to injury induce

metabolic reprograming to meet the high bioenergetic and biosynthetic demands of

the (myo)fibroblastic phenotype. Fibrogenic signals such as TGF-β1 trigger a rewiring

of cellular metabolism with a shift toward glycolysis, uncoupling from mitochondrial

oxidative phosphorylation, and enhanced glutamine metabolism. These adaptations

may also have more widespread implications with redirection of acetyl-CoA directly

linking changes in cellular metabolism and regulatory protein acetylation. Evidence also

suggests that injury primes cells to these metabolic responses. In this review we discuss

the key metabolic events that have led to a reappraisal of the regulation of fibroblast

differentiation and function in CKD.

Keywords: fibroblast, fibrosis, glycolysis, glutaminolysis, metabolic, metabolism, priming, TGF-β1

INTRODUCTION

While the kidney can recover from acute injury, persistent and/or severe injury results in the
chronic accumulation of scar tissue (fibrosis) and progressive renal failure. Understanding the
mechanisms that regulate the transition from acute kidney injury to chronic kidney disease (CKD)
is important, because once fibrosis is initiated it can be extremely difficult to switch off or reverse
(Hewitson, 2009; Hewitson et al., 2017a). A defining characteristic of this transition is amaladaptive
repair and a persistent activation of fibroblast-like cells (Darby and Hewitson, 2007). These cells are
the major source of the excess extracellular matrix (ECM) proteins in a process that is inherently
similar in different organ pathologies.

WHAT IS A FIBROBLAST?

Single cell sequencing has highlighted the considerable heterogeneity of the fibroblast population in
the kidney (Wu et al., 2019). One of the most vexed questions in fibrosis research is therefore—how
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do we define a fibroblast? Potentially fibroblasts include any
ECM-producing cell in the connective tissue stroma. Consistent
with their diversity, multiple cellular origins for the fibroblast
have been suggested including epithelial- and endothelial-to-
mesenchymal transition, infiltration of bone marrow precursors
and macrophages (Duffield et al., 2013), along with a resident
quiescent mesenchymal stem cell precursor, often simply referred
to as a pericyte (Chou et al., 2020).

ROLE OF THE MYOFIBROBLAST

It has repeatedly been shown that a population of activated
fibroblasts can be identified by de novo expression of α-smooth
muscle actin (αSMA), a protein normally associated with smooth
muscle cells (Darby and Hewitson, 2007). These cells display
properties of both fibroblasts and smooth muscle cells including
prodigious synthesis of ECM and contractile functions through
the formation of actin-myosin fibers (Tomasek et al., 2002).
Interstitial myofibroblasts are a feature of both primary and
secondary tubulointerstitial pathologies in the kidney.

The myofibroblast was first described in skin wound healing
where its transient presence in granulation tissue is responsible
for repair and contraction of the wound area to facilitate healing.
Based on this, it is often assumed that they have a similar acute
repair role in the kidney in response to injury. Accordingly, some
have postulated that these cells are initially recruited to synthesize
ECM in order to stabilize injured tubules (Kaissling et al., 2013).
Regardless, their ongoing presence in the kidney, as elsewhere,
results in scar tissue formation and contracture.

ACTIVATION OF FIBROBLASTS

The initial differentiation of fibroblasts to so-called
myofibroblasts is a process driven by cytokines/growth factors
released by injured parenchyma and infiltrating inflammatory
cells (Darby andHewitson, 2007).While a number of pro-fibrotic
influences exist, transforming growth factor-β1 (TGF-β1) has
consistently been shown to be the pre-eminent fibrogenic signal
(Meng et al., 2016).

Fibroblasts Can Act Autonomously
During fibrosis, fibroblasts begin to act autonomously and
independently of tubular and leukocyte inflammation (Leaf
and Duffield, 2017). Indeed, recently Buhl et al. have elegantly
shown that activation of fibroblasts per se is sufficient to
drive progressive fibrosis and systemic features of CKD (Buhl
et al., 2020), independent of any surrounding tubular and
interstitial pathologies.

This process seems particularly pertinent to TGF-β1, which
is secreted as a latent protein bound to adjacent ECM and with
activation on release from the latency complex. Thus, TGF-
β1 synthesized by tubules can’t simply diffuse across basement
membranes to activate interstitial fibroblasts (Venkatachalam

Abbreviations: Gls, glutaminase; OxPhos, oxidative phosphorylation; IPF:

Idiopathic pulmonary fibrosis; αSMA, α-smooth muscle actin; TGF-β1,

transforming growth factor-β1.

and Weinberg, 2015). This key difference between TGF-β1
and many other growth factors and cytokines, highlights
an important autocrine regulatory mechanism. Myofibroblasts
isolated from hypertrophic scars exhibit a stably differentiated
and contractile phenotype via a TGF-β1-dependent autocrine
loop involving focal adhesion proteins (Dabiri et al., 2008). Here
TGF-β1 is activated by myofibroblasts “pulling” on the TGF-
β1 complex to release the active form. This dependence on
generating tissue tension demonstrates that feed-forward loops
can drive myofibroblast differentiation (Dabiri et al., 2008). TGF-
β1 can also operate as a feed forward loop to amplify the effects
of other novel pro-fibrotic growth factors such as FGF23 (Smith
et al., 2017a,b).

METABOLIC REGULATION OF
FIBROBLAST FUNCTION

While a major focus of fibrosis research has been on the
transcriptional regulation of collagen synthesis, we now
also appreciate that TGF-β1 is a trigger for a metabolic
reprogramming that is needed for fibroblast synthesis
and contraction.

Physiological cellular metabolism consists of specific
metabolic reactions involving conversion of a carbon source
into the building blocks needed for macromolecule biosynthesis,
energetics and cellular homeostasis (see Altman et al., 2016;
O’Neill et al., 2016). Alterations in cellular metabolism, including
the so-called “Warburg effect,” are thought to play an essential
role in the acquisition andmaintenance of amalignant phenotype
in tumor cells (Chen et al., 2018). Fibroblasts in a number of
organs undergo similar dramatic metabolic changes during
activation that are necessary to meet the increased bioenergetic
and biosynthetic demands of mitogenesis and ECM synthesis
(fibrogenesis) [reviewed in (Xie et al., 2015; Para et al., 2019;
Zhao et al., 2020)] (Table 1). Because TGF-β1 has been identified
as the specific orchestrator in many cases (Negmadjanov et al.,
2015; Ding et al., 2017; Si et al., 2019; Barcena-Varela et al., 2020;
Bates et al., 2020; Henderson et al., 2020; Smith and Hewitson,
2020), the molecular events underlying these global adaptations
are of particular mechanistic interest.

Rewiring Glycolysis
Principal amongst the metabolic changes induced by TGF-β1
is an increase in glycolytic flux, despite the availability of
oxygen (aerobic glycolysis), and uncoupling from oxidative
phosphorylation in the mitochondria (Figure 1A) (Ding et al.,
2017; Smith et al., 2019; Smith and Hewitson, 2020). This
metabolic shift is also supported clinically by a metabolomic
sub-analysis of the Chronic Renal Insufficiency Cohort (CRIC)
study showing that a decrease in the tricarboxylic acid (TCA)
cycle intermediates, citrate and aconitate, correlate with declining
eGFR in diabetic kidney disease (DKD) (Kwan et al., 2020).

There are several reasons why this redirection of carbon
may be functionally significant in fibrosis. Although glycolysis
is less efficient at producing adenosine triphosphate (ATP) than
oxidative phosphorylation coupled with the electron transport
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TABLE 1 | Representative in vitro examples of metabolic adaptations in fibroblast-like cells.

Organ Cell Metabolic adaptations References

Skin Normal human skin and keloid fibroblasts ↑glycolysis in keloid fibroblasts vs. normal fibroblasts Li et al., 2018

Liver Human hepatic stellate cell line TGF-β1 ↑glycolysis ↓OxPhos Bates et al., 2020

Liver Hepatic stellate cell line (LS2) TGF-β1 ↑glycolysis ↓OxPhos Barcena-Varela et al., 2020

Lung Normal human and IPF lung Fibroblasts ↑glycolysis in IPF Xie et al., 2015

Peritoneum Human mesothelial cell line (MCT-5A) TGF-β1 ↑glycolysis ↓OxPhos Si et al., 2019

Kidney Rat interstitial fibroblast TGF-β1 ↑glycolysis ↓OxPhos

↑Glutaminolysis

Smith and Hewitson, 2020

Lung Normal human and IPF lung fibroblasts ↑Gls mRNA in IPF vs. normal Choudhury et al., 2020

Lung Human Lung fibroblasts Absence of glutamine ↓TGF-β1 stimulated collagen and αSMA Hamanaka et al., 2019

Lung Human Lung fibroblasts TGF-β1 ↑Gls and glutamine consumption Ge et al., 2018

chain, glycolysis produces ATP faster (Para et al., 2019).
Additionally, this means that carbon can be redirected to other
biosynthetic pathways (e.g., pentose phosphate pathway and
nucleotide synthesis etc.), and critically with respect to collagen
production, enhances generation of non-essential amino acids,
such as glycine, which constitutes 35% of all amino acids in
collagen (Nigdelioglu et al., 2016). The ultimate conversion of
pyruvate to lactate, and its export, results in acid-induced TGF-β1
activation in vitro (Kottmann et al., 2012, 2015). Indeed, genetic
or pharmacologic approaches that block glycolysis decrease
contraction and reduce TGF-β1-induced αSMA and collagen
expression in the fibroblastioc IMR-90 cell line (Bernard et al.,
2015). In the mouse, blockade of glycolytic flux with shikonin,
an inhibitor of pyruvate kinase M2, ameliorates fibrosis after
unilateral ureteric obstruction (Wei et al., 2019).

Metabolic Switches
A more in depth analysis of the metabolic reprogramming
in renal fibroblasts suggests that inactivation of the pyruvate
dehydrogenase complex (PDC) is an important metabolic switch
in maintaining a chronically activated fibrogenic state (Smith
and Hewitson, 2020). The PDC catalyzes a series of rate-
limiting reactions involved in the oxidative decarboxylation of
pyruvate to acetyl-CoA (Figure 1). Analysis of the canonical
pathways differentially regulated by TGF-β1 identified inhibition
of acetyl-CoA biosynthesis via inactivation of PDC as a potential
metabolic regulator of fibroblast activation in cells derived
from fibrotic kidneys (Smith and Hewitson, 2020). Accordingly,
TGF-β1 induces a profound reduction in cellular acetyl-CoA
stores. Inhibition of PDC through increased activity of pyruvate
dehydrogenase kinases (PDK) also leads to a fibrogenicWarburg-
like phenotype in cardiac fibroblasts (Tian et al., 2020).
Other direct targets of TGF-β1 include the glycolytic enzymes
phosphofructokinase (PFK) (Calvier et al., 2017) and hexokinase
(Yin et al., 2019) which catalyze key regulatory steps in the
conversion of glucose to pyruvate.

Metabolic Regulation of Protein
Acetylation
Augmented glycolysis also has more widespread implications
(Ghosh-Choudhary et al., 2020). Acetyl-CoA is not only a

substrate for the TCA cycle and other biosynthetic pathways (e.g.,
fatty acid synthesis), but it is also the obligatory acetyl donor
for regulatory protein lysine acetylation (Sivanand et al., 2018),
thus providing a potential direct link between changes in cell
metabolism and protein function (Kori et al., 2017;Weinert et al.,
2018).

Acetylation of amino acid residues has regulatory functions
at various steps between transcription and protein degradation
(Spange et al., 2009). These include changes in both the size and
electrostatic charge of amino acid side chains, altered enzyme
activity through changing binding preference, competitive
interaction with other modifications and finally, the creation of
new protein docking sites (Spange et al., 2009).

Under physiological conditions, glucose accounts for up to
90% of the acetyl-CoA pool (Kamphorst et al., 2014), with
the majority being generated in the mitochondria through the
decarboxylation of pyruvate via PDC. Mitochondrial acetyl-CoA
is exported as citrate, and converted back into acetyl-CoA, and
used for acetylation within both the cytoplasm and nucleus.
Nuclear acetyl-CoA may also be supplemented in situ by nuclear
PDC (Sutendra et al., 2014).

To date, most interest in acetylation has focused on the
role of nuclear histone acetylation in epigenetic regulation of
transcription. However, the significance of protein acetylation
extends well beyond histones (Choudhary et al., 2009, 2014) with
proteomic analysis revealing that in excess of 2,000 proteins can
be acetylated in the kidney (Lundby et al., 2012). Consistent with
a reduction in global acetyl-CoA levels, it has been shown that
TGF-β1 produces a corresponding reduction in lysine acetylation
of many, as yet unidentified, proteins in rat kidney fibroblasts
(Smith and Hewitson, 2020), thus extending our earlier finding
that TGF-β1 regulates histone H3 acetylation (Hewitson et al.,
2017b; Smith et al., 2019). These effects were ameliorated when
PDC was maintained in an activated state with dichloroacetate,
a reversible inhibitor of inactivating PDKs (Smith and Hewitson,
2020).

Kinetic studies of acetylation show that it is rapidly
reversible (Kori et al., 2017; Weinert et al., 2018) suggesting
that it can act as a modification-based switch, analogous to
that seen with phosphorylation. A noteworthy example of
this exists in the regulation of fibrosis. Canonical TGF-β1
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FIGURE 1 | Schematic representation of key metabolic adaptations in fibroblasts to support collagen synthesis. Metabolic and biosynthetic fates of (A) glucose and

(B) glutamine highlight potential synthetic (arrow head) and regulatory (solid dot) functions in fibrogenesis. (C,D) Putative changes in metabolic flux caused by TGF-β1

are diagrammatically indicated by changes in arrow thickness. These include (C) a shift from oxidative phosphorylation to glycolysis with commensurate increases in

amino acid and nucleotide synthesis and a reduction in Acetyl-CoA generation. Export of the end product lactate may also be pro-fibrotic as local changes to pH

contribute to activation of latent TGF-β. (D) Parallel hypothesized TGF-β1 induced changes in glutamine metabolism both supplement amino acid synthesis and TCA

intermediates lost through metabolic shifts in glucose metabolism. Key: Acetyl-CoA, Acetyl coenzyme-A; ASCT2, alanine-serine-cysteine transporter 2; αKG,

α-ketoglutarate; ATP, adenosine triphosphate; ETC, electron transport chain; Gls, glutaminase; JMJD3, Jumonji domain-containing protein D3; OxPhos, oxidative

phosphorylation; P4OH, prolyl-4-hydroxylase; P5CS, pyrroline-5-carboxylate synthase; P5C, pyrroline-5-carboxylate; PDC, pyruvate dehydrogenase complex; TCA,

tricarboxylic acid cycle; TGF-β1, transforming growth factor-β1.

signaling is via the transcription factors Smad 2, 3, and
4, in turn counter balanced by actions of the inhibitory
Smad 7 (Meng et al., 2016). Acetylation protects Smad 7

from degradation by ubiquitination. Conversely, deacetylation
increases ubiquitination and degradation, thus removing a
well-described anti-fibrotic brake. In this context, findings that
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TGF-β1 is responsible for the deacetylation of Smad 7 (Fukasawa
et al., 2004) establish a functional significance.

Glutamine Metabolism
Enhanced glycolytic flux alone cannot meet the high
metabolic demands of fibroblasts and increased carbon supply
through alternate pathways is needed to support biosynthetic
requirements. The maintenance of high levels of glutamine in
the blood through diet and synthesis by muscle and other organs
provides a ready source of carbon and nitrogen to support cell
growth. Physiologically glutamine in the kidney is metabolized
most in tubules. As in tumor cells, along with an increase in
glycolysis, glutamine metabolism is also increased in vitro by
TGF-β1 in lung (Bernard et al., 2018; Ge et al., 2018; Hamanaka
et al., 2019) and dermal (Henderson et al., 2020) fibroblast-like
cells. Clinically, epidemiological analyses have shown that a
decrease in urine glutamine is predictive of progression from
moderate to severe albuminuria in DKD (Pena et al., 2014),
consistent with increased use in biosynthetic pathways.

Glutamine is transported into the cell by the solute carrier
Slc1A5 (ASCT2), where it is converted into glutamate by
glutaminase (Gls 1 or Gls 2 depending on the tissue). Augmented
glutamine consumption in lung myofibroblasts appears largely
driven by elevated levels of Gls1 (Bernard et al., 2018; Ge
et al., 2018). Proline, which together with glycine accounts
for 57% of amino acid residues in collagen (Li and Wu,
2018), is generated directly from glutamate via pyrroline-5-
carboxylate (P5C) (Li and Wu, 2018) in the cytosol, while in the
mitochondrion glutamine can be converted to α-ketoglutarate
(αKG), an intermediate of the TCA cycle (Figure 1B). Thus,
increased glutamine metabolism acts to replenish the TCA cycle
through anaplerotic reactions, but also provides proline for
collagen synthesis.

Glutamine has been shown to increase mRNA transcripts for
pro-collagen I (Bellon et al., 1995), but this is not a universal
finding (Ge et al., 2018). In the latter case, glutamine-derived
αKG increases in pro-collagen I protein levels were contingent
on activation of mTOR and consequent phosphorylation of p70-
S6K and 4E-BP1 rather than changes in gene transcription (Ge
et al., 2018). The formation of αKG from glutamate is reversible,
meaning that αKG can also serve as a precursor in the conversion
of glutamate to proline. Additionally, αKG also stabilizes
intracellular collagen by promoting proline hydroxylation via
activation of the enzyme prolyl hydroxylase (Ge et al., 2018).
The relationship between αKG and proline hydroxylation is
particularly interesting. Hydroxylation of prolines in hypoxia
inducible factor-1 (HIF-1α) is necessary for ubiquitin-mediated
proteasome degradation of this enigmatic protein. Conversely,
the same post-translational modification protects intracellular
collagen from being degraded in lung fibroblasts (Li and Wu,
2018), suggesting that proline hydroxylation in collagens does
not create a docking site for ubiquitin binding. Finally, by
acting as a co-factor for a Jumonji family histone demethylase
(JMJD3), αKG promotes histone methylation at the cell survival
genes X-linked IAP (XIAP) and survivin (Bai et al., 2019),
thereby providing a mechanistic link between metabolism,

epigenetic regulation of cell survival and resistance of fibroblasts
to apoptosis.

The relative importance of changes in glycolysis and
glutaminolysis is unclear. Recent data highlights that amino
acids, rather than glucose, might be responsible for most of
the cell mass in proliferation (Du et al., 2018), Replenishment
of the TCA cycle with αKG due to a TGF-β1-induced shift
toward glycolysis is logical and such a change in flux has been
demonstrated in lung fibroblasts using carbon tracing (Bernard
et al., 2018). Functional measures suggest that the main function
of glutamine metabolism in fibroblasts is to feed biosynthetic
pathways rather than ATP generation (Hamanaka et al., 2019).

METABOLIC REGULATION OF
FIBROBLAST DIFFERENTIATION

An interesting question has been whether metabolic
reprogramming is a signal for fibroblast differentiation as
well as increased activity per se. Not surprisingly these roles
are difficult to isolate. Nevertheless, triggering of development
signals like the hedgehog-Yap axis in both glycolysis (Chen et al.,
2012) and glutaminolysis (Du et al., 2018) have suggested a
more direct role in differentiation. Indeed, subsequent studies
showed that both glutamine-depleted media and Gls inhibition
prevent the differentiation of quiescent hepatic stellate cells
into myofibroblasts, an effect that was not seen with glucose
deprivation (Du et al., 2018).

FIBROBLAST PRIMING

Although we have long known that fibroblasts from human
fibrotic kidneys are inherently more proliferative and synthesize
more collagen than their counterparts from normal kidneys
(Rodemann and Muller, 1990), only recently have we started to
understand this at the molecular level.

In normal cutaneous granulation tissue, completion of
physiological healing is accompanied by a loss of myofibroblasts
due to apoptosis (Darby et al., 1990). In pathological conditions,
such as experimental pulmonary fibrosis, the persistence of
fibroblasts has been shown to be due to an inherent resistance
of fibroblasts to apoptosis (Huang et al., 2013). Likewise
dermal fibroblasts from skin lesions in systemic scleroderma
show concordant and stable gene expression differences when
compared to fibroblasts isolated from healthy donors (Shin
et al., 2019). In these cells, a signature of aberrant TGF-β1
signaling was sustained in isolated dermal fibroblasts maintained
in culture (Shin et al., 2019). Similarly, fibrotic renal fibroblasts
have upregulated responses to cytokine stimulation compared to
their counterparts derived from uninjured tissue, in part due to
increased cell-surface TGF-β receptor expression (Smith et al.,
2017a,b).

This predisposition also extends to metabolic adaptations.
Under basal conditions, skin fibroblasts derived from keloids
have a higher rate of ATP synthesis than their normal skin
counterparts (Vincent et al., 2008); glycolysis is the primary
energy source in these cells, while normal skin fibroblasts derive
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their ATP mainly from oxidative phosphorylation (Vincent
et al., 2008). Fibroblasts from lungs of patients with idiopathic
pulmonary fibrosis (IPF) have augmented glycolysis relative to
cells from normal lungs (Xie et al., 2015). In renal studies, the
effect of TGF-β1 on PDC regulation was observed in fibroblasts
grown from kidneys after unilateral ureteric obstruction, and
not in cells from unobstructed kidneys (Smith and Hewitson,
2020), while Tian et al. have recently described a metabolic
memory over multiple cell passages in left ventricular fibroblasts
derived from patients with pulmonary arterial hypertension,
implying an epigenetic basis (Tian et al., 2020). Finally, fibroblasts
derived from patients with IPF express more Gls mRNA
than their normal lung counterparts (Choudhury et al., 2020).
There is however a clear heterogeneity, with some fibroblasts
derived from patients with IPF (Bai et al., 2019) and systemic
scleroderma (Henderson et al., 2020) more sensitive (primed)
than others.

CELLULAR METABOLISM AS A
THERAPEUTIC TARGET

Metabolic pathways that support persistent activation and ECM
synthesis in fibroblasts may offer the opportunity for therapeutic
interventions to block fibrogenesis. Such novel therapeutic
strategies for fibrosis have been proposed based on proof-
of-principle studies in a variety of experimental models and
organs that have targeted different steps in central carbon and
glutamine metabolism; 6-phosphofructo-2-kinase/fructose-2, 6-
biphosphatase 3 (PFKFB3) (Xie et al., 2015) and PDC (Wei
et al., 2019; Tian et al., 2020), serine-glycine synthesis (Hamanaka
et al., 2018) and Gls (Cui et al., 2019), amongst others. However,
although there is much in vitro and pre-clinical evidence, human

data remains limited and indirect. Unsurprisingly, we again take
our lead from cancer, where multiple small molecule inhibitors
targeting cellular metabolism are under investigation in phase1/2
clinical trials [reviewed in (Akins et al., 2018)].

CONCLUSIONS

In cancer cells, metabolic adaptations appear as prerequisites
for the acquisition and maintenance of a malignant phenotype.
Rapidly accumulating evidence now suggests that renal
fibroblasts may likewise be metabolically reprogrammed, with
glucose and glutamine consumption linked to several possible
mechanisms in (myo)fibroblast activation and fibrogenesis
(Figure 1). Despite the similarities with malignant cells,
differences do exist, highlighting the need to define this process
at an organ and cell-specific level, and to confirm both changes
in metabolic flux and synthetic fate over time. Likewise, while
non–renal (myo)fibroblasts offer an exciting glimpse into
the metabolic adaptions in fibrosis, we eagerly await further
confirmation of such adaptations in human kidney disease.
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The quality of a renal transplant can influence the clinical course after transplantation.

Glomerular immune reactivity in renal transplants has previously been described, focusing

particularly on IgA, and has been shown to disappear in most cases without affecting

the outcome. Here, we describe a cohort of time zero biopsies with regard to glomerular

immune reactivity and implications for histomorphology and follow-up. 204 Time zero

biopsies were analyzed by immunohistochemistry for glomerular immune reactivity.

Time zero and 1-year biopsies were evaluated for histomorphological changes, which,

together with clinical and follow-up data, were assessed for associations with glomerular

immune profiles. Nearly half of the analyzed time zero biopsies showed glomerular

immune reactivity with mesangial C3 being the most common (32.9%), followed by IgA

(13.7%) and fullhouse patterns (6.9%). Strong C3 deposits (C3high) were only observed

in deceased transplants. In the majority of cases immune reactivity was undetectable

in follow-up biopsies and had no adverse effect on transplant function in follow-up of 5

years. In kidney pairs transplanted to different recipients a strong concordance of immune

profiles in both kidneys was observed. Moreover, an association of male donor sex and

deceased donor transplantation with the presence of immune reactivity was observed. In

conclusion, glomerular immune reactivity is a very frequent finding in time zero biopsies,

which seems to be determined by donor parameters including male sex and deceased

donor transplants. It had no adverse impact on transplant function in 5-year follow-up.

Glomerular immune reactivity in time zero biopsies, therefore, does not appear to indicate

an inferior quality of the transplant.

Keywords: complement, renal tranplantation, time zero biopsy, transplant quality, immune reactivity

INTRODUCTION

Time zero biopsies offer the possibility to assess donor kidneys at the time of transplantation, which
can help to interpret findings in later biopsies. In order to interpret the significance of time zero
biopsy findings for the fate of the transplant it is important to correlate these findings with donor
parameters and future transplant function.
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Besides structural changes, a variety of glomerular immune
reactivities have been described in time zero biopsies of donor
kidneys in the past. In several series of time zero biopsies the
incidence of mesangial IgA deposits was reported to be between
6.9 and 32.1% (1–8). This IgA reactivity gradually disappeared
in most cases (4, 6–8) without influencing graft survival (4,
8) and function (6, 8). Glomerular IgM and C3 (7, 8) and
less frequently IgG (3, 8) were also reported to vanish in the
majority of cases in follow-up biopsies without adverse effects
(7). Whereas, the vast majority of previous reports have been
focusing on glomerular IgA (1–6, 8), in the present report we
analyzed and compared different immune profiles in time zero
biopsies including immunohistochemical fullhouse patterns and
C3 reactivity as potential markers of complement activation in
the transplanted organs.

Here, we analyzed a European cohort of time zero biopsies
for the presence of glomerular immune reactivity and subdivided
staining patterns into subgroups, including IgA, fullhouse,
C3high, C3low and cases without significant immune reactivity.
We compared morphologic, clinical and follow-up data between
the groups.

MATERIALS AND METHODS

Patients
Consecutive and extended cohort: A total of 204 time zero
specimens (203 kidney biopsies and one small kidney resection)
of 191 donors, performed at the University Hospital of Erlangen
and submitted to the Dept. of Nephropathology, were included.
To assess the prevalence of glomerular immune reactivity we
considered a consecutive cohort of 163 time zero biopsies
performed between 06/2011 and 05/2013. Two cases were
excluded for the lack of glomeruli, so that 161 cases were analyzed
(Figure 1). As numbers of cases with immune reactivity were
low in the consecutive cohort, for further analyses we randomly
selected 43 additional time zero biopsies from 2010 to 2016, taken
before or after the above-mentioned time span. These showed
one of the below-defined glomerular immune patterns, in order
to improve representativeness and comparability, for a total of
204 analyzed biopsies. The use of archived renal specimens was
approved by the local Ethics committee (reference number 4415).
Donor parameters included: sex, age, living/deceased donor,
creatinine (mg/dl) and glomerular filtration rate (GFR; ml/min)
before transplantation, body-mass index (BMI), cold and
warm ischemia time (minutes), presence/absence of proteinuria,
of a history of smoking, of diabetes mellitus, and arterial
hypertension. Recipient parameters included sex, age, BMI;
native kidney disease, number of hemodialyses required after
transplantation, renal transplant (Rtx) and patient survival
(yes/no), post-transplant renal function (primary/delayed/no
function, organ loss or death), follow-up creatinine and GFR at
1 to 5 years post transplantation. GFR was calculated according
to the CKD-EPI formula as described by Levely et al. (9) using
patient serum creatinine and age under specification of race,
sex and serum creatinine level. To achieve better comparability
children <16 years were excluded from statistical analyses of
creatinine and GFR.

Immunohistochemistry
Immunohistochemical stainings with antibodies specific for IgA,
IgG, IgM, C1q, C3c (all polyclonal: Cat. No. IgA A0262, IgG
A0423, RRID:AB_2335700; IgM A04202, RRID:AB_578520; C1q
A013602, RRID:AB_578496; C3c A006202, RRID:AB_578477,
Agilent, Santa Clara, CA, USA) were performed on formalin
fixed and paraffin-embedded (FFPE, 1µm sections) material with
current standard methods after digestion with protease from
Streptomyces griseus (Sigma-Aldrich, Munich, Germany, P5147)
on a Ventana Benchmark stainer (Roche, Basel, Switzerland)
or manually before 2011. Limited staining in the glomerular
vascular pole was scored as negative. The intensity of staining was
categorized into 4 grades: grade 0 (none), grade 1 (mild), grade 2
(moderate), grade 3 (strong).

In case of IgA reactivity in the time zero biopsy additional
stainings for C4d (polyclonal, rabbit anti-C4d, 1:500, Cat.
No. RBK061, RRID:AB_2864450, Zytomed Systems GmbH,
Bargteheide, Germany; antigen-retrieval with ULTRA CC1
buffer, Roche) and galactose-deficient IgA (rat anti-Gd-IgA1,
clone KM55, 1:100, Cat. No. 10777, Immuno-Biological
Laboratories, Minneapolis, MA, USA; antigen-retrieval with
protease digestion) were performed manually.

Study Groups
According to the immunohistochemical findings biopsies were
divided into the following subgroups: (i) negative: no glomerular
immune reactivity except IgM and/or C1q, (ii) IgA: IgA deposits
without fullhouse pattern, (iii) FH: fullhouse pattern with
positivity of IgA, IgG, IgM, C1q and C3, (iv) C3high: C3 2+/3+
without IgA, IgG or C1q, (v) C3low: C3 1+ without IgA, IgG
or C1q, (vi) MN: membranous pattern, (vii) NOS (not otherwise
specified): mesangial immune reactivity exceeding the definition
of negative, not meeting criteria of any other pattern.

Follow-Up Biopsies
A total of 176 follow-up biopsies were evaluated, which were
taken 4-1227 days post transplantation. These included 1-year
biopsies (n = 111) and follow-up biopsies at other points in
time (n = 65). Clinical indications for renal biopsy as retrieved
from the accompanying files in the total of 176 follow-up
biopsies were protocol biopsy (3 months or 1-year) in 96,
rise in creatinine in 45 (one with simultaneous proteinuria),
delayed graft function in 15, positive polyomavirus serology
in seven, proteinuria in four, donor-specific antibodies in six,
suspicion of rejection in two and not reported in one. Main
diagnoses in the original reports included no rejection/significant
pathology in 57, at least moderate acute tubular injury in 33,
Borderline changes in 24, T-cell mediated rejection (TCMR)
in 20, antibody-mediated rejection (ABMR) in 4 and suspicion
of ABMR in 2, combined TCMR/ABMR or Borderline/ABMR
in 2, polyomavirus-nephropathy in 10 (one accompanied by
TCMR), interstitial fibrosis and tubular atrophy of ≥ 20%
as main finding in 12, glomerulonephritis in eight deriving
from 5 patients and interpreted as recurrence in three patients
(glomerulonephritis was accompanied by acute tubular injury
in three, by Borderline changes in two and by vascular hyaline
microthrombi in one biopsy), cholesterol embolism in one,
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FIGURE 1 | Relative distribution of immune pattern in time zero biopsies. (A) In the consecutive cohort 161 time zero biopsies were analyzed after exclusion of two

cases with insufficient material. Over half of the cases showed no significant immune reactivity, about a quarter of cases mild C3 deposits (C3low) and the remainder

different immune patterns including IgA, fullhouse (FH), and C3high. (B) Comparing living and deceased donor biopsies in the total cohort of 204 time zero specimens,

negative cases were more prevalent in living donor organs and C3high staining was only observed in deceased donor transplants.
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thrombotic microangiopathy in one, ischemic infarction in one
and findings were insufficient for a diagnosis in one.

For all cases included in the cohort of time zero biopsies
the respective 1-year biopsies were evaluated whenever available
(n = 111) including all 12-months protocol biopsies and, in
cases without protocol biopsy, any other biopsy taken between
9 and 15 months after transplantation, whenever available.
Additionally, in IgA (22/28), FH (12/14), C3high (16/17), C3low
(24/50), NOS (4/6) and MN (1/1) first follow-up biopsies after
transplantation (irrespective of the time of biopsy) were assessed
by immunohistochemistry (markers positive in the time zero
biopsy were re-analyzed) to evaluate for persistence of glomerular
immune reactivity. Immunohistochemistry was performed in 79
first follow-up biopsies, of which 16 were 1-year biopsies. In cases
with persistence of glomerular immune reactivity in 1st follow-
up 1-year biopsies or other available biopsies were analyzed by
immunohistochemistry until negative or no further biopsy was
available. A 2nd follow-up biopsy after persistence was evaluated
in seven cases (6 1-year biopsies) and a 3rd biopsy in one case.

Histological Evaluation of Time Zero
Biopsies and 1-Year Biopsies
In time zero and 1-year biopsies total and globally sclerosed
glomeruli were counted, interstitial fibrosis and tubular atrophy
(IFTA) was estimated in steps of 5%, arteriosclerosis was scored
as described previously (10). Matrix expansion (mesangial matrix
>2 mesangial cell nuclei) was assessed as present or absent.
In time zero biopsies, additionally, the degree of acute tubular
injury (0: no/minimal, 1 <25%, 2:25–49%, 3:50–74%, 4≥ 75% of
tubules involved) was scored.

Statistical Analyses
Statistical analyses were performed using IBM SPSS Version
24. For the comparison of ordinal and numerical variables
between either two or more independent groups Mann-Whitney
and Kruskal-Wallis tests were used, respectively. Bonferroni
correction was applied after post-hoc testing for Kruskal-Wallis.
To test the association between nominal variables Pearson’s chi-
square test was used or alternatively Fisher’s exact test when
expected values were <5. Results with p-values <0.05 were
considered statistically significant. Post-hoc analysis for Pearson’s
chi-square test was performed using the standardized residuals
(11) and correcting p-values using Bonferroni.

RESULTS

Recipient and Donor Characteristics
Recipients were 50.1 years old (mean, standard deviation
(SD) 16) including 131 men and 73 women. Native kidney
disease in the clinical files included IgA in 18 cases, other
glomerulonephritis (GN) in 31, hypertensive nephropathy
(NP) in 25, autosomal dominant polycystic kidney disease
in 28, diabetic NP in 12, congenital renal dysplasia in 10,
vesico-ureteral reflux in five, amyloidosis and focal-segmental
glomerulosclerosis each in three, interstitial nephritis in two

and hemolytic uremic syndrome, nephronophthisis, calcineurin-
inhibitor toxicity and familial mediteranean fever in one each and
was unknown in 62 patients.

Themean age of the donors was 51.1 years (SD 15.4) including
88 men and 103 women. 67/184 donors were smokers, 11/177
were diabetic, 56/178 had a history of arterial hypertension and
43/182 were proteinuric. 154 (75.5%) transplant kidneys derived
from deceased (mean age 50.5 years, SD 17.5; 69 men/72 women;
57/136 smokers; 11/128 diabetic; 49/129 hypertensive, 43/135
proteinuric) and 50 (24.5%) from living donors (mean age 52.7
years, SD 6.5; 19 men/31 women; 10/48 smokers; 0/49 diabetic;
7/49 hypertensive, 0/47 proteinuric).

Composition of the Consecutive Cohort
Of 163 consecutive time zero biopsies performed between
06/2011 and 05/2013 161 were included for further analyses
to estimate the prevalence of different immune patterns
(Figure 1A). In this cohort, 88 biopsies (54.7%) showed no
immune reactivity (negative), in 14 biopsies (8.7%) IgA was
found, in 3 a fullhouse pattern (FH, 1.9%), in 14 (8.7%) moderate
to strong C3 reactivity (C3high) and in 39 (24.2%) mild C3
positivity (C3low). In two (1.2%) biopsies a mesangial immune
pattern was present not fitting one of the before described
patterns (NOS, not otherwise specified) and in 1 biopsy (0.6%)
positivity in a membranous pattern (MN) was present.

Extended Cohort and Persistence
In order to increase group sizes for further statistical analyses
and for better comparability 43 additional cases with glomerular
immune reactivity in the time zero biopsy were added, making
a total of 204 cases (Figure 1B). Comparing the distribution of
immune patterns between living and deceased donor specimens
(Figure 1B), in 50 transplants from living donors 31 (62%)
showed negative immunohistochemistry and none of the cases
showed C3high reactivity as opposed to transplants of deceased
donors, which showed negative immunohistochemistry in only
57/154 specimens (37%, p= 0.002) and C3high in 17 cases (11%,
p= 0.015). In the other groups no significant differences between
living and deceased donors were observed (all p > 0.05).

In total, in the extended cohort 88 negative cases, 28 IgA, 14
FH, 17 C3high, 50 C3low, six immune reactivity NOS and 1 MN
were included (Figure 2). Immunohistochemical findings are
shown in Table 1. Isolated mesangial IgM reactivity (sometimes
accompanied by C1q) was present in the vast majority of biopsies
(79.4%) and was interpreted as unspecific deposition. IgM was
associated with higher glomerular filtration rates and lower
creatinine values of the donors prior to explantation compared to
cases without glomerular IgM (p= 0.017 and 0.035 in all biopsies
and p = 0.028 and 0.036 assessing the negative group only, data
not shown).

The cohort included 13 kidney pairs, which were transplanted
to different recipients. In 12 of them the immune profile in the
time zero biopsy was the same in both organs including one
case with fullhouse, 3 with IgA, 3 with C3high, 2 with C3low
reactivity and three negative for glomerular immune reactivity.
In one case mild mesangial C3 reactivity (C3low) was seen in
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FIGURE 2 | Disappearance and persistence of immune reactivity in follow-up biopsies. (A) Of 204 specimens included in the analysis 116 showed glomerular immune

reactivity exceeding the definition of negative. In 79 cases immunohistochemical follow-up analyses were performed. In the majority of cases immune reactivity had

(Continued)
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FIGURE 2 | already vanished in the 1st follow-up biopsy. In two cases with persistence (asterisks) it was unclear whether immunoreactivity was due to persistence or

a recurrence of the native kidney disease. The cohort included 13 kidney pairs transplanted to different recipients, which in 12 cases showed the same immune profile

(indicated by pictograms of kidney pairs and the number of cases in the left kidney). In one kidney pair one biopsy showed a C3low pattern and the corresponding

kidney biopsy was negative for immune reactivity. (B) Time course of persistence of glomerular immune reactivity. In the majority of 1st follow-up biopsies (diamond)

and 1-year biopsies (square) no persistence was observed from the beginning. In four of the biopsies with persistence and first follow-up shortly after transplantation

(<100 days) immune reactivity vanished in the 2nd or 1-year follow-up biopsies. The two cases with persistence even in the 2nd or 3rd follow-up (asterisks) were

possible recurrences of the native kidney disease.

TABLE 1 | Immunohistochemical findings in time zero biopsies.

All Negative IgA FH C3high C3low NOS MN

IgA 42/204, 20.6% 0/88 28/28 14/14 0/17 0/50 0/6 0/1

IgG 23/204, 11.3% 0/88 5/28 14/14 0/17 0/50 3/6 1/1

IgM 162/204, 79.4% 66/88 25/28 14/14 12/17 39/50 5/6 1/1

C1q 30/204, 14.7% 8/88 2/28 14/14 0/17 0/50 6/6 0/1

C3 112/204, 54.9% 0/88 25/28 14/14 17/17 50/50 6/6 0/1

C4d n.d. n.d. 2/24 8/12 n.d. n.d. n.d. n.d.

KM55 n.d. n.d. 1/27 0/12 n.d. n.d. n.d. n.d.

Data are shown as number of positive cases/number of total cases, percentage. n.d., not done.

one kidney, but not in the other organ, which was negative in
immunohistochemistry (Figure 2A).

Immunohistochemical follow-up was performed in 79 cases
(Figure 2A) with immune reactivity in time zero biopsies.
Immunohistochemistry turned negative in 65 cases (Figure 3),
in four cases another immune profile than observed in the
time zero biopsy developed and in three cases recurrence of
the native kidney disease, as documented in the clinical files,
was observed. In seven cases the findings persisted without
further follow-up available. One of these cases showed again
IgA reactivity and had IgA nephropathy as native kidney disease
and one showed a fullhouse pattern and had a diagnosis of
systemic lupus erythematosus. Hence, in these two cases a
recurrence of the native kidney disease was a possible differential
diagnosis of persistence of the initial findings observed in the
time zero biopsy.

Having a glance at the time-course of persistence of immune
deposits one can appreciate that persistence was much more
frequent in the period of time shortly after transplantation and
became more infrequent at later points in time (Figure 2B).

In 6 follow-up biopsies with persistent immune reactivity
electron microscopy was performed, to evaluate for the
ultrastructural correlate of immunohistochemical findings.
In two biopsies definite osmiophilic deposits were observed
(Supplementary Figure 1), in two questionable traces of
osmiophilic deposits and in two no deposits could be appreciated.

Clinical and Morphological Findings in
Time Zero Biopsies With Glomerular
Immune Reactivity
When comparing controls without immune reactivity with cases
with IgA, FH, C3high or C3low no significant differences with
regard to histomorphological parameters in time zero and 1-year
biopsies were observed (Supplementary Table 1). Female donors
were more common in the negative group (p = 0.002), and

proteinuria in the donor was significantly more common in the
C3high group (p= 0.002) compared to the remainder of analyzed
groups. Donor age, creatinine, GFR and BMI were not associated
with any one of the groups (Table 2). Moreover, no significant
differences were seen with regard to adverse biopsy proven events
in the 1st year (Supplementary Table 1) or creatinine and GFR
in the first 5 years after transplantation (Supplementary Table 2,
Figure 4).

C3high and C3low groups were separately analyzed as donor
proteinuria was more frequent in donors with C3high deposits
than in C3low cases (p= 0.003, data not shown).

When comparing all cases with glomerular immune reactivity
to the control group, presence of glomerular immune reactivity
was significantly associated with deceased and male donors (p
= 0.003 and 0.001, respectively). Cold ischemia was significantly
longer (p = 0.024) and donor creatinine higher (p = 0.024) in
transplants with immune reactivity than in controls (Table 2).
No differences were observed with regard to histological findings
in time zero and 1-year biopsies, biopsy-proven adverse events,
creatinine and GFR in the 5 years after transplantation or other
donor parameters (Tables 1, 2, Supplementary Tables 1, 2 and
Figure 4).

DISCUSSION

In our experience, glomerular immune reactivity in time zero
biopsies is a frequent finding. To substantiate this observation
and to better understand its relevance for future organ function
we analyzed a total of 204 time zero biopsies including 161
consecutive cases by immunohistochemistry.

Earlier studies mainly focusing on IgA in time zero biopsies
reported frequencies of glomerular IgA-reactivity ranging from
6.9 to 32.1% (1–8). Our findings with 8.7% IgA-reactivity were
in the lower range of these earlier reports. This may in part be a
consequence of differences in the ethnicities in different cohorts
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FIGURE 3 | Fullhouse pattern disappearing in the follow-up biopsy. An example of an immunohistochemical fullhouse pattern is depicted in a time zero biopsy (left

column), which has completely disappeared in the follow-up biopsy at day 122 (right column). All light microscopic pictures were taken with an AxioCam MRc and an

Imager.A1 Axio microscope (Zeiss, Germany) at an original magnification of 400x. Scale bars indicate 100µm.

Frontiers in Medicine | www.frontiersin.org 7 April 2021 | Volume 8 | Article 656840100

https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles


Vonbrunn et al. Immune Reactivity in Renal Transplants

TABLE 2 | Comparison of donor parameters and ischemia time in immunohistochemical subgroups of time zero biopsies.

Positive Negative IgA FH C3high C3low p-value

association

with positive/

negative

p-value

association

with negative/

IgA/FH/

C3high/

C3low

Donor

parameters

Donor

male/female

60/47 28/57 14/11 10/3 7/7 24/24 0.001 0.016, negative

0.027

Living/deceased 19/88 31/54 8/17 1/12 0/14 10/38 0.003 0.013, p.h. n.s.

Donor age 51 (6/82), 107 54 (1/86), 85 57 (28/82), 25 48.0 (8/66), 13 54.5 (22/79),

14

50 (14/75), 48 0.053 0.08

Donor

creatinine*

(mg/dl)

0.89

(0.32/5.63), 98

0.8 (0.28-4.1),

79

0.9

(0.58/1.86), 25

0.96

(0.32/3.92), 9

0.99

(0.50/5.63), 14

0.8

(0.44/4.12), 44

0.024 0.059

Donor GFR

(ml/min)*

90.2

(13.16/135.13),

98

88.2

(17.51/158.79),

79

88.55

(36.48/119.87),

25

85.56

(19.97/134.86),

9

58.27

(13.16/135.13),

14

92.98

(17.53/118.96),

44

0.465 0.305

Donor smoker

(y/n)

40/62 27/56 6/18 6/6 3/11 22/23 0.347 0.123

Donor

proteinuria (y/n)

29/73 14/67 5/17 4/9 9/5 10/36 0.077 0.005, C3 high

0.002

Donor BMI 26.12

(9.8/65.3), 99

26.3

(15.7/48.4), 81

27.0 (22/44),

25

26.01

(9.8/34.0), 10

25.68

(20.2/63.4), 14

26,2

(20.2/65.3), 44

0.437 0.809

Donor DM (y/n) 8/89 3/78 1/20 1/11 2/12 2/42 0.21 0.561

Donor aHT (y/n) 30/68 27/54 5/16 4/8 6/8 12/32 0.697 0.750

Ischemia Cold (minutes) 664.5

(30/1438), 110

540 (26/1148),

86

492 (44/1438),

28

689 (368/860),

11

700.5

(345/1056), 16

664.5

(30/1192), 48

0.024 0.134

Warm (minutes) 35 (16/121),

111

37 (23/90), 87 36.5 (16/91),

28

30 (19/121),

11

33 (24/55), 16 38 (16/92), 49 0.406 0.693

Parameters are shown as either median (min/max), total number of analyzed cases or number of yes/no (y/n) cases, if not indicated otherwise. *before organ explantation. For the

kidney pairs with the same immune profile only one was included into the statistical analysis of donor parameters. DM, diabetes mellitus; aHT, arterial hypertension; p.h.n.s., post hoc

not significant. Data with a gray background show groups with significant differences (indicated in bold) after post-hoc testing.

(8). Besides IgA-reactivity we frequently found glomerular C3
(32.9%), fullhouse patterns (1.9%) and mesangial immune-
reactivity NOS (1.2%) as well as one case of membranous
pattern (0.6%). We decided to separately assess cases with little
mesangial C3 reactivity (C3low, 24.2%) and moderate to strong
C3 reactivity (C3high, 8.7%), as in the latter donor proteinuria
was significantly more common than in the C3low group,
which could indicate a different significance of both findings.
Interestingly, high levels of C3 (C3high) were only detected
in time zero biopsies of deceased donors, whereas mild C3
reactivity was found with similar frequencies in kidneys from
living and deceased donors. Proteinuria is an exclusion criterion
for living donors, which could explain this finding. Additionally,
the alternative complement pathway is activated by spontaneous
hydrolysis (12). One could postulate that this mechanism might
be augmented during the perimortal phase and transplantation
procedure in deceased donors, which might trigger the activation
of the complement pathway. The significance of glomerular
C3 reactivity remains, however, unclear. It might indicate
genuine and relevant complement activation in the donor
or just an epiphenomenon of perimortal processes without
pathophysiological relevance.

Mesangial reactivity for C3 and also IgM has been observed
previously in time zero biopsies. Curschellas et al. reported

glomerular C3 and IgM in 18.6 and 65.7%, respectively, which
was not interpreted as glomerulonephritis and had no impact
on serum creatinine 1 year after transplantation (7). Others
reported C3 and IgM in 6.1 and 31.4% of time zero biopsies
(3) and 39.4 and 52.6% of donor kidneys (8). In contrast,
in a large study of necropsies including subjects, which had
committed suicide or died of a violent death, mesangial IgM
was present in only 2.5 and C3b in 0.2% (13). The reason why
in our time zero biopsies the frequency of C3 deposits was
very high may have something to do with the fact that C3 is
of limited stability (14) and might get lost especially in the
case of necropsies. Moreover, in contrast to the previous studies
we applied immunohistochemistry on FFPE-material instead of
immunofluorescence on frozen sections, frequently used before
(3, 13). Isolated deposits of IgM and/or C1q (found in 79.4 and
14.7%) were not interpreted as a significant finding by us, as
some degree of mesangial IgM is observed in the vast majority
of renal biopsies [personal observation, (7)]. The molecular sizes
of IgM-pentamers and C1q-protein complexes are very large
(15, 16), so that both proteins might be prone to trapping
in the mesangium. Our observation that mesangial IgM was
associated with higher glomerular filtration rates in the donors
might support this notion, meaning that with stronger filtration
and increased transglomerular flowmore protein can be trapped.
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FIGURE 4 | Course of GFR and creatinine in the first 5 years after transplantation. No differences with regard to GFR and creatinine were observed between cases

that were positive and negative for immune reactivity (A) or across the different assessed subgroups (B,C) and no apparent overall deterioration of the renal function.

Data are shown with median and range.
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In our cohort 13 kidney pairs were included, which
were transplanted to different recipients. Interestingly, all
but one pair showed the same immune profile in both
time zero biopsies. In only one case one kidney showed
negative findings whereas the other showed mild mesangial
C3 deposits. This concordance in the vast majority of time
zero biopsies implicates that the immune-reactivity observed
is largely determined by donor parameters rather than by
peri-transplantation circumstances. Accordingly, IgA deposits
were observed in 4–10.8% (13, 17–19) of unpreselected renal
specimens, which also argues that immune reactivity can be
found in randomly selected native kidneys and is not a mere
epiphenomenon of the transplantation procedure. Moreover,
presence of immune reactivity was associated with deceased
donor transplants and male gender of the donors, further
substantiating the idea that donor parameters are relevant for
the observed immune reactivity. The association of immune
reactivity with longer cold ischemia may be a consequence of
the increased numbers of deceased donors in this group and
does not necessarily indicate that cold ischemia is causative
for glomerular immune reactivity. Accordingly, in the group of
deceased donors the presence or absence of immune reactivity
was not significantly associated with cold ischemia (p= 0.95, data
not shown).

Looking at the time-course of persistence of immune
reactivity in follow-up biopsies, a positive result of
immunohistochemistry was particularly common early after
transplantation and in most cases disappeared in further
follow-up biopsies, when available. This disappearance of
glomerular immune reactivity over time goes well in line
with earlier reports (4, 6–8) and might indicate a wash-out
mechanism being operational. In two cases, persistence in
more than one biopsy was observed. Intriguingly, in both
cases the immune reactivity had an immune profile compatible
with a recurrence of the native kidney disease, as reported
in the clinical files, so that it was not possible to decide
whether a true persistence or a recurrence was observed in the
transplant. In fact, it was proposed that latent IgA deposits in
time zero biopsies might predispose to IgA-recurrence in the
transplant (5).

Immune reactivity in time zero biopsies neither influenced the
histomorphological parameter in time zero and 1-year biopsies
nor the number of biopsy-proven adverse events in the 1st year
after renal transplantation. Moreover, no significant impact on
1 to 5-year follow-up with regard to graft function and survival
was observed. Accordingly, no influence on 1-year creatinine was
observed by Curschellas et al. (7) and also Sofue et al. did not
observe a difference in renal function between cases with and
without IgA deposits in time zero biopsies at 1 year (6). Another
report stated that cases with mesangial IgA deposition were
prone to delayed graft function and development of borderline
changes when compared to controls, whereas graft survival at
1 and 3 years was similar in both groups (4). In this cohort,
however, only cases with mesangial proliferation andmarked IgA
deposition where included, mitigating the comparability with our
cohort (4).

Limitations of our study include the retrospective nature
of the analyses as well as the relatively low numbers of
cases included in the different subgroups, which we tried
to compensate by extending the cohort. Time zero biopsies
were collected before transplantation, therefore, prognostically
adverse deposition of complement and immunoglobulins at
a later point in time due to ischemia/reperfusion injury
cannot be ruled out, as this would have been missed in
our analyses. Native kidney disease in most cases with
immune reactivity in time zero biopsies was usually not
diagnosed in-house, so that one had to rely on the clinically
reported diagnoses when evaluating for recurrence of native
kidney disease. Moreover, we did not perform light chain
immunohistochemistry, so that subtypes of glomerulonephritis
with monoclonal immunoglobulin deposition might have
been overlooked.

Taken together, we found glomerular immune reactivity to
be a very frequent finding in time zero biopsies, which largely
seems to be determined by donor parameters, maybe with some
enhancement of the complement pathway in deceased donors.
In the vast majority of cases this reactivity disappeared after
transplantation. It had no impact on graft function or survival,
not only in the 1st year as previously reported, but also in
the long-run up to 5 years post renal transplantation and did
not promote increased scarring of the transplant in 1 year
biopsies. Therefore, it appears very justifiable to proceed with
the current routine to transplant organs without testing for
incidental glomerular immune reactivity before transplantation,
as no increased risk of inferior outcome or raised need for
closer follow-up or increased immunosuppression appears to
be warranted.
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Supplementary Figure 1 | Ultrastructural findings in persisting immune reactivity

in follow-up biopsies. In the left column examples of persisting immune reactivity in

follow-up biopsies are shown as indicated. The right column shows the

corresponding ultrastructural findings with osmiophilic deposits indicated by

arrows, which in the lower panel were very small. All light microscopic pictures

were taken at an original magnification of 400x. Scale bars indicate 100µm.

Ultrastructural micrographs all in 5,000x original magnification.

Supplementary Table 1 | Comparison of biopsy findings in

immunohistochemical subgroups of time zero biopsies.

Supplementary Table 2 | Comparison of follow-up parameters in

immunohistochemical subgroups of time zero biopsies.
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Diabetic nephropathy (DN) leads to high morbidity and disability. Inflammation plays
a critical role in the pathogenesis of DN, which involves renal cells and immune
cells, the microenvironment, as well as extrinsic factors, such as hyperglycemia,
chemokines, cytokines, and growth factors. Epigenetic modifications usually regulate
gene expression via DNA methylation, histone modification, and non-coding RNAs
without altering the DNA sequence. During the past years, numerous studies have
been published to reveal the mechanisms of epigenetic modifications that regulate
inflammation in DN. This review aimed to summarize the latest evidence on the interplay
of epigenetics and inflammation in DN, and highlight the potential targets for treatment
and diagnosis of DN.

Keywords: diabetic nephropathy, epigenetics, DNA methylation, histone modifications, non-coding RNAs,
inflammation

INTRODUCTION

The latest Diabetes Atlas by the International Diabetes Federation indicates that the current number
of patients with diabetes mellitus (DM) is 463 million in 2019, which is estimated to increase to 578
million by 2030 and to 700 million by 2045 (International Diabetes Federation, 2019). DM and
its complications seriously affect patients’ quality of life and result in tremendous socioeconomic
burdens (GBD, 2017 Disease and injury incidence and prevalence collaborators, 2018; Lin et al.,
2020b). Diabetic nephropathy (DN), one of the most common microvascular complications of DM,
is the major contributor to chronic kidney disease (CKD) and end-stage renal disease (Ruiz-Ortega
et al., 2020). Approximately 30–40% of DM patients gradually develop DN (Lim, 2014). Current
therapies, including intensive glucose control and the treatment of hypertension through renin-
angiotensin-aldosterone system (RAAS) blockers, only slow down the progression of DN and fail
to reverse or stop it (Sanz et al., 2019; Ruiz-Ortega et al., 2020). Therefore, early diagnosis and novel
treatment for DN are of great significance while recognizing its etiology remains urgent.

The biologist Conrad Waddington firstly introduced ‘epigenetics’ which describes a
phenomenon of inheritance that is independent of DNA sequence (Russo et al., 1996;
Goldberg et al., 2007). This concept has become one of the frontiers of genetic research
over the years. Epigenetic modifications modulate gene expressions through DNA methylation,
histone modification, and non-coding RNAs involving in the pathogenesis of DN (Keating
and El-Osta, 2013; Reddy et al., 2015). Studies have also shown that the modifications are
reversible indicating potential therapeutic value for DN (Hotamisligil, 2017; Kato and Natarajan,
2019). Low grade chronic inflammation is a major characteristic in the pathogenesis of DN,
but the pathophysiological relevance between epigenetics and inflammation has not been
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fully summarized. In this review, we highlighted recent epigenetic
modifications relevant to inflammation and its signaling
pathways in DN. The prespecified search strategies were shown
in the Supplementary Material 1.

INFLAMMATION IN THE PROGRESSION
OF DN

The Role of Renal Resident and Immune
Cells in the Inflammatory Response
Hyperglycemia and glucose metabolites such as advanced
glycation end products (AGEs) have long been regarded as
initial factors of DN which promote the loss of podocytes, the
hyperfiltration of endothelial cells, the expansion of mesangial
cells and the thickening of glomerular basement membrane,
and finally result in the deposition of extracellular matrix
in the glomerulus (Schena and Gesualdo, 2005; Grabias and
Konstantopoulos, 2014). The injured resident cells in kidney
release chemokines and cytokines to attract the infiltration of
immune cells (e.g., monocytes, macrophages, dendritic cells, and
lymphocytes) (Tang and Yiu, 2020). Macrophages/monocytes are
found to be the most predominant immune cells through both
clinical and experimental studies. Previous study shows that
macrophages are positively associated with pathological lesions
in DN (Chow et al., 2004). A recent study of single cell RNA
sequencing (scRNA-seq) indicates proportions of endothelial
cells and immune cells are significantly increased while mesangial
cells and podocytes are decreased in the glomerular cells in
diabetic mouse kidney (Fu et al., 2019a). Among of immune
cells in this study, macrophages are predominant, particularly
M1 phenotype macrophages (Fu et al., 2019a). It has been also
demonstrated that infiltration of macrophages in the glomeruli
and tubulointerstitial tissues was increased in renal biopsies of
patients (Klessens et al., 2017). In addition, the depletion of
macrophages significantly reduces proteinuria and glomerular
pathological changes in diabetic mice (You et al., 2013). The
scRNA-seq analysis of kidney cortex from diabetic (n = 3) and
non-diabetic patients (n = 3) shows patients in early diabetic
nephropathy have 78 folds of leukocytes, including T cells, B cells,
monocytes and plasma cells, compared to non-diabetic patients
(Wilson et al., 2019). Few macrophages are observed in early
diabetic kidneys (Wilson et al., 2019). Proportions of kidney cells
and immune cells, and their roles at different stages of DN needed
to be further studies. Epigenetic modifications in diabetic kidneys
are shown in Figure 1.

The infiltration of macrophages is promoted by chemokines
and adhesion molecules which are released from resident cells
under the stimulation of high glucose and AGEs (Hickey and
Martin, 2013). Notably, MCP-1 is an important mediator in the
infiltration of macrophages and the progression of inflammation
(Chow et al., 2006). The deletion of MCP-1 in mice and inhibition
of MCP-1 in type 2 diabetic patients have been shown to improve
renal function (Chow et al., 2006). Previous studies have shown
that an increase in M1 macrophages is negatively associated with
renal function (Wang et al., 2017), while the induction of M2

macrophages has been shown to attenuate renal damage in DN
mouse model (Sun et al., 2015). High glucose and AGEs promote
macrophages to M1 polarization and the release of inflammatory
cytokines, such as tumor necrosis factor (TNF), contributing
to pathogenesis in the early stage of diabetes (Webster et al.,
1997). Additionally, macrophages can also act as myofibroblasts
through the process of macrophage-myofibroblast transition
(MMT) to deteriorate renal fibrosis, replace parenchyma tissue
with (Tang et al., 2020b) extracellular matrix (ECM), and also
contribute to the production of reactive oxygen species (ROS)
and proteases (Meng et al., 2014; Torres et al., 2020). Orchestrated
by TGF-β/Smad signaling pathway, MMT is a newly known
fibrosis process which has been rarely found neither in acute
inflammation, nor in normal kidney, indicating that chronic
inflammation was the principle contributor to fibrosis (Meng
et al., 2016; Tang et al., 2019). A recent study has found that brain-
specific transcription factor POU4F1 is the only transcription
factor taking part in the TGF-β1/Smad3-driven MMT and thus
could be a new therapeutic target in chronic inflammation
induced MMT fibrosis (Tang et al., 2020b). The proto-oncogene
tyrosine protein kinase SRC presents as a direct SMAD3 target
gene and is also essential for MMT in macrophages (Tang
et al., 2018b). In general, the accumulation of macrophage are
not only related to the degree of inflammation and kidney
function, but also correlated to glomerulosclersis and the degree
of interstitial fibrosis (Tang et al., 2019). Studies have shown
that aberrant intrarenal infiltration and activation of T cells are
involved in the pathogenesis of DN in both clinical samples and
streptozotocin (STZ)-induced diabetes mice (Moon et al., 2012).
Clinical findings show that T cell immunity and TNF-α signaling
pathway are activated during the early development of DN in
patients (Moon et al., 2012; Lampropoulou et al., 2020). The
proportions of T helper cells (Th1, Th2, Th17 and regulatory T
(Treg) cells) in DN are altered with the increased levels of Th1
and Th17, and the decreased level of Treg (Zhang et al., 2014).
Adoptive transfer of CD4 + Foxp3 + Treg cells in mice have
been found to ameliorate diabetic kidney injuries and insulin
resistance by inhibiting inflammation (Eller et al., 2011).

The Role of Inflammatory Mediators and
Signaling Pathways in DN
Several signaling pathways contribute to the inflammation and
the release of inflammatory cytokines (Figure 2; Newton and
Dixit, 2012). Interleukins (ILs) play critical roles in the regulation
of the immune system. Studies have shown that the circulating
level of IL-6 is positively correlated with the progression of DN
in patients (Saraheimo et al., 2003), and IL-1β, IL-18, and IL-
17A are associated with the occurrence and development of
DN (Cortvrindt et al., 2017; Lemos et al., 2018; Lin et al.,
2020a). TNF-α is involved in the development of various
diseases, such as psoriasis, rheumatoid arthritis, and CKD (Elliott
et al., 1994; Pina et al., 2016). Studies have demonstrated
that macrophages are the main source of renal TNF-α (Awad
et al., 2015). In diabetic mice, the inhibition of TNF-α leads
to decreased urinary albumin excretion, and in a clinical
trial where DN patients were treated with pentoxifylline,
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FIGURE 1 | Interaction of immune cells, kidney intrinsic cells and epigenetic modifications. DNA methylation, histone modifications, and non-coding RNA
modifications activate inflammatory pathways by interactions of immune cells and kidney intrinsic cells. OS, oxidative stress; ROS, reactive oxygen species; HG, high
glucose; Ang II, angiotensin II; AGE-RAGE, advanced glycation end-products-receptor for advanced glycation end products; IL, interleukin; TNF, tumor necrosis
factor; MCP-1, monocyte chemoattractant protein 1; NF-κB, nuclear factor-κB; JAK-STAT, Janus kinase/signal transducer and activator of transcription; NRF2,
Nuclear Factor-2 Erythroid Related Factor; NLRP, NOD-like receptor pyrin domain-containing protein.

a methylxanthine derivative with anti-inflammatory function,
the reduction in urinary TNF-α concentration was directly
correlated with the change in albuminuria, suggesting the role
of TNF-α in the pathogenesis of DN (Moriwaki et al., 2007;
Navarro-González et al., 2015).

Nuclear factor-κB (NF-κB) is the basic transcription factor
that plays a pivotal role in inflammation in DN patients. Activated
by upstream signals such as AGEs, angiotensin II, and oxidative
stress (OS), NF-κB dissociates from its inhibitor IκB proteins
and is transferred into the nucleus to regulate the expression
of inflammatory gene including cytokines, chemokines, and
adhesion molecules such as IL-6, TNF-α, and MCP-1 (Wada
and Makino, 2016; Mikuda et al., 2018). One of the upstream
signal pathways stimulated by AGEs is called the p38 mitogen-
activated protein kinase (MAPK) pathway (Wu et al., 2002).
The p38 MAPK pathway induces the activation of NF-κB in
the infiltrating macrophages of DN (Adhikary et al., 2004).
In turn, in renal parenchymal cells, elevated IL-1 and TNF-
α have been shown to promote the phosphorylation of p38
MAPK, demonstrating their inflammatory roles in DN (Adhikary
et al., 2004). Similarly, PI3K/AKT/mTOR is a widely studied
signaling pathway that mediates the phenotype and injury
of podocytes in DN. Stimulated by AGEs, PI3K/AKT can
also promote NF-κB and aggravate inflammation (Ahmad
et al., 2013; Hong et al., 2017). Recently, C-reactive protein
(CRP) has been found to trigger a novel NF-κB-involved
signaling pathway in the progression of DN, more narrowly,
in human CRP transfected-db/db mice and cultured renal
tubular epithelial cells, CRP is proved to promote inflammation

via the evoking and dimerization of dipeptidyl peptidase-4
(DPP4) through DPP4/CD32b/NF-kB signaling circuit. The
blockage of the circult by the DPP4 inhibitor, linagliptin,
attenuates DN, suggesting the potential therapeutic effect for DN
(Tang et al., 2021).

TGF-β/SMAD signaling pathway plays a criticial role in
diabetic kidney injuries (Chen et al., 2011, 2014a; Liu et al.,
2011; Lan, 2012; Zhong et al., 2013; Li et al., 2014; Zhang et al.,
2019b; Xu et al., 2020a; Yang et al., 2020). In the diabetic kidney,
high glucose and AGEs enhance the phosphorylation of SMAD3
and decrease the phosphorylation SMAD7. SMAD3 deficiency
prevents renal inflammation and fibrosis in SMAD3-db/db mice
via regulations of lncRNA Erbb4-IR.transcription and miR-29b
(Xu et al., 2020a). SMAD3 deficiency protects against diabetes-
associated beta cell dysfunction and loss in DN mice (Sheng
et al., 2021). SMAD3 also promotes autophagy dysregulation and
kidney injury (Yang et al., 2020). SMAD7 inhibits IκBα, an NF-κB
inhibitor, suppressing the activation of NF-κB pathway (Chung
et al., 2009). The deletion of SMAD7 significantly aggravates
renal inflammation as evidenced by the upregulation of IL-1β,
TNF-α, and MCP-1 in diabetic mice by crosstalk with NF-κB
pathway, and the addition of SMAD7 attenuates the kidney
injuries (Chen et al., 2011). Thus, TGF-β/SMAD and NF-κB
crosstalk pathway may act as a novel prevention and therapeutic
targets for diabetic nephropathy.

Activation of OS signaling pathways contributes to renal
inflammation in DN. Nuclear factor-2 erythroid related
factor (NRF2) is a protein that has the ability to alleviate
inflammation and act as an antioxidant mediator in the process
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FIGURE 2 | The inflammatory pathways involved in the DN process. High glucose or stimulating factors cause the activation of multiple pathways, including
P38/MAPK, PI3K/AKT, TLR4/NLRP3 and the novel CRP/DPP4/CD32b, which all further activate NF-κB pathway, and transcriptionally promote the expression of
multiple inflammatory cytokines to enhance inflammation. SMAD7 can inhibit NF-κB activity. NRF2 has anti-inflammatory and antioxidant functions in DN. In addition,
JAK/STAT pathway induces IL-6 to promote the inflammatory response in DN. DN, diabetic nephropathy; IL, interleukin; TNF, tumor necrosis factor; NF-κB, Nuclear
factor-κB; MCP-1, monocyte chemoattractant protein-1; STAT, Signal transducer and activator of transcription; NRF2, Nuclear factor-2 erythroid related factor;
NLRP3, NOD-like receptor protein 3; ROS, reactive oxygen species; DPP4, dipeptidyl peptidase-4; MAPK, mitogen-activated protein kinase; JAK2, Janus kinase;
TLR4, Toll-like receptors 4; CRP, C-reactive protein; AGE, advanced glycation end product; RAGE, Receptor for advanced glycosylation end products; Ang II,
angiotensin II; TGF, Transforming growth factor.

of OS. NRF2 reduces the infiltration of macrophages and
proinflammatory cytokines by ameliorating oxidative overload.
Clinical studies have demonstrated that the NRF2 activator, such
as bardoxolone methyl, improves kidney function in diabetic
patients (Pergola et al., 2011).

The nucleotide-binding oligomerization domain (NOD)
family and NOD-like receptor pyrin domain-containing protein
(NLRP) family are involved in DN. NOD2 promotes the
endothelial-to-mesenchymal transition in DN (Shang et al.,
2017). NLRP3 promotes the generation of IL-1β and IL-18
by activating the NLRP3-Caspase-1-IL-1β pathway in diabetic
kidneys (Chi et al., 2020; Wang et al., 2020). NLRP3 has
interactions with Toll-like receptors, ROS and NF-κB pathway
to promote inflammation in DN (Shahzad et al., 2015;
Wang et al., 2020).

The Janus kinase/signal transducer and activator of
transcription (JAK-STAT) pathway is involved in processing
extracellular signals (cytokines and chemokines) to the cell
nucleus, resulting in gene expression (O’shea et al., 2013). The
clinical findings show that JAK2 is increased in the podocytes of
patients with early DN (Berthier et al., 2009). Podocyte-specific

JAK2 overexpression in diabetic mice aggravates glomerulopathy
while the inhibition of JAK1/2 attenuates the phenotypic changes
of diabetic kidney (Zhang et al., 2017).

DN AND EPIGENETIC MODIFICATIONS
INVOLVED IN INFLAMMATION

DNA Methylation Involved in
Inflammation of DN
DNA methylation promotes inflammatory activation of immune
cells in diabetic kidney disease and demethylating agents prevent
the progressive kidney disease (Larkin et al., 2018; Chen
et al., 2019b). DNA methylation is a process in which the
methyl group of S-adenosylmethionine is transferred to the
cytosine of DNA under the catalysis of DNA methyltransferases
(DNMTs), resulting in down-regulation of the gene expression
(Yagi et al., 2012). DNMTs mainly include DNMT1, DNMT3a,
and DNMT3b. DNMT1 has been found to contribute to the
maintenance of methylation and the other DNMTs are related
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to de novo methylation (Hsieh, 1999). DNA methylation occurs
specifically at the 5’ site of the CpG dinucleotide cytosine
residue, hindering the binding of transcription factors and
promoters, subsequently inhibiting transcription (Yagi et al.,
2012). The genome-wide DNA methylation analysis shows that
DNA methylation is associated the kidney injuries and kidney
inflammation in DN patients (VanderJagt et al., 2015; Park et al.,
2019). In vivo study also indicates high-glucose induced high
levels of methylation in kidney cells. It is found that there are
173 differentially methylated regions (DMRs) in high glucose
(HG)-treated mesangial cells compared to the low-glucose
(LG) treatment (Li et al., 2020d). Suppression of methylation
by bioactive constituent extracted from plants, e.g., moringa
isothiocyanate (MIC-1), potentially down-regulates expression
of TGF-β1, and changes the Nrf2, Col4a2, Tceal3, Ret, and Agt
expressions (Li et al., 2020d; Cheng et al., 2019).

Aberrant cytosine methylation of the upstream regulators
of the mammalian target of rapamycin (mTOR) promotes
inflammation by the upregulation of DNMT1 in DN (Chen et al.,
2019b). Notably, DNA methylation is dynamic and can be altered
by environmental factors. Studies have found that hyperglycemia
in T2DM patients triggers a self-regulatory mechanism leading
to the reduction of 5mC levels in the peripheral blood, which
indicates that the DNA might undergo demethylation via the
upregulation of ten-eleven-translocation 2 (TET2), a DNA
demethylation enzyme (Yuan et al., 2019).

Histone Modifications Involved in
Inflammation of DN
The nucleosome is the basic unit of chromatin consisting of
DNA and wrapped histone proteins. The post-translational
modifications (PTMs) on chromatin histone include acetylation,
ubiquitination, phosphorylation, and methylation. Recently,
the genome-wide analysis of chromatin binding proteins and
histone modifications has been conducted through chromatin
immunoprecipitation followed by high-throughput sequencing
(ChIP-seq) or by microarrays. The modifications are mainly
mediated by three types of enzymes: writer, eraser, and reader.
Writers/erasers carry on the modifications by adding/removing
methyl or acetyl groups at amino acid residues in histone, such
as histone acetyltransferase, histone methyltransferase (HMT),
histone deacetylase (HDAC) and histone demethylase (HDM)
(Bhatt et al.). Readers are the effectors that can identify and
interpret post-translational modifications. Histone acetylation
promotes gene transcription, while histone methylation
promotes or inhibits gene transcription (Kouzarides, 2007).
Specifically, the methylation of histone mostly happens on
the residues of lysine and arginine. There are three types of
methylation in lysine, namely monomethylation, dimethylation
and trimethylation, and all three types of methylation of H3 at
lysine 4 (H3K4me1, H3K4me2 and H3K4me3, respectively) exert
an active effect (Kato and Natarajan, 2019). Similarly, H3K36me2
and H3K36me3 are enriched at transcriptional activation
genome regions (Kato and Natarajan, 2019). Conversely, the
methylation of H3K9me3, H3K27me3 and H4K20me3 are
associated with gene repression (Kato and Natarajan, 2019).

These modifications usually happen at promoters, insulators,
enhancers, and other cis-regulatory regions, and finally lead to
aberrant gene expression (Barski et al., 2007; Heintzman et al.,
2009; Pradeepa et al., 2016).

Histone PTMs are involved in the pathogenesis of DN (Kato
and Natarajan, 2019). HG and other danger signals increase the
expression of pro-inflammatory genes by histone PTMs (Kato
and Natarajan, 2019). TXNIP, pro-inflammatory gene, has been
demonstrated to play an important role in the development of
DN (Chen et al., 2008). In hyperglycemia-induced DN mice, HG-
induced Txnip expression is associated with the enrichment of
activated histone marks H3K9ac, H3K4me3, H3K4me1, and the
repressive histone mark H3K27me3 at the promoter region of the
gene, which has also been proved in human mesanginal cells (De
Marinis et al., 2016). Furthermore, histone methylation take part
in the process of inflammation via the secretion of inflammatory
cytokines in diabetes. Specifically, H3K4 methylation could be
mediated by HMT SET7 (Cheng et al., 2005). It is reported
that transient HG causes the recruitment of HMT SET7 and
increases H3K4 methylation at the NF-κB -P65 promoter,
which promotes the expression of P65, MCP-1 and VCAM-
1 in endothelial cells (El-Osta et al., 2008). Meanwhile, in
endoplasmic reticulum (ER) stress induced kidney model of
db/db mice, the increased expression of Mcp-1 is associated
with the enrichment of H3K4me1 at Mcp-1 promoters, and
could be significantly attenuated by the methyltransferase SET7/9
gene silencing (Chen et al., 2014c). The other study indicates
that SET7/9 modifies chromatin histone lysine at promoters of
MCP-1and TNF-α which promotes the inflammation in THP-
1 monocytes (Li et al., 2008). In contrast, UTX (ubiquitously
transcribed tetratricopeptide repeat, X chromosome) is a histone
demethylase that can remove di- and tri-methyl groups from
H3K27 (Choi et al., 2015). Studies have reported that the
expression of UTX is upregulated in podocytes, tubular and
mesangial cells of DN patients in vitro and in vivo (Majumder
et al., 2018). Moreover, the knockout of UTX or the treatment
of UTX inhibitor, GSK-J4, can reduce palmitic acid-induced
increase of inflammation and DNA damage (Chen et al., 2019c).
Furthermore, one study demonstrated that the inhibition of UTX
could inhibit hypertrophy, a key event in glomerular dysfunction
(Jia et al., 2019). In parallel, TGF-β down-regulates Enhancer
of Zeste homolog 2 (EZH2), a H3K27me3 methyltransferase,
by inducing miR-101b, which targets the 3’-untranslated region
(3’-UTR) of EZH2. Meanwhile, TGF-β up-regulates UTX,
a key role for H3K27me3 demethylases in renal mesangial
cells. TGF-β-induced the inhibition of H3K27me3 augments
pathological genes via dysregulation of associated histone-
modifying enzymes and miR-101b in DN (Jia et al., 2019).
Another H3K27me3 demethylase JMJD3 regulates inflammatory
genes in macrophages (De Santa et al., 2007). To conclude, these
studies suggest that the inhibition of H3K27me3 augments the
expression of inflammation genes and the progression of DN.

Similarly, acetylation and deacetylation of histones via histone
acetyltransferases (HATs) and histone deacetylase (HDACs)
contribute to the pathogenesis of DN. Hyperglycemia promotes
chromatin histone acetylation at inflammatory genes promoter
regions and enhances inflammatory gene expressions in vivo
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(Miao et al., 2004). Levels of H3K9ac, H3K9ac/S10p, H3K18ac,
H3K23ac and H3K56ac are increased in the kidneys of db/db
mice (Huang et al., 2015). Furthermore, the expression of Sirt6
(a histone deacetylase) is reduced in podocytes of STZ-induced
mice which results high levels of H3K9ac at promoters of
Notch1 and Notch4, and exacerbates the inflammation in kidney
(Liu et al., 2017). The silencing of HDAC9 attenuates renal
injuries as demonstrated by the decrease in glomerulosclerosis,
inflammatory cytokines, and alteration of podocyte apoptosis
(Liu et al., 2016). The elevated HDAC4 in diabetic kidney
exacerbates inflammation via suppressing STAT1 signaling and
the silencing of HDAC4 is associated with the decreases of
cytokines (TNF-α, TGF-β, IL-8, MCP-1) (Wang et al., 2014). The
roles of DNA methylation and histone modification in the DN
process are briefly shown in Figure 3.

Non-coding RNAs Involved in
Inflammation of DN
Non-coding RNAs (ncRNAs) commonly include transfer
RNA, ribosomal RNA, long ncRNA (lncRNA), small ncRNA
(e.g., microRNA, piRNAs, snoRNA, snRNA, exRNA) and
circular RNA (circRNA) (Storz, 2002; Yang, 2015). Roles
of microRNA (miRNA), lncRNA and circRNA in DN have
been recently studied (Loganathan et al., 2020; Zhou et al.,
2021). MiRNA is the best characterized non-coding RNA for
transcriptional gene regulation by targeting the 3′-UTR of a

specific mRNA. Typically, miRNAs exert their inhibitory actions
on the gene via RNA silencing and translational repression
(Wilczynska and Bushell, 2015).

MiRNAs play significant roles in regulating inflammation
in DN (Zhou et al., 2021). Recent studies involving models
of DN podocytes have found that downregulation of the
miR-17∼92 cluster ameliorates inflammation and podocyte
injury by targeting ABCA1 (ATP-binding cassette transporter
A1) (Fan et al., 2020). Similarly, the inhibition of miR-
21-5p in a macrophage-derived extracellular vesicle model
could also exert podocyte protective effect by the restraint
of inflammasome activation (Ding et al., 2020). Moreover,
miRNAs are also found to regulate inflammation in renal
tubular epithelial cells. The overexpression of miR-199a-3p
improves the injury in high glucose induced HK-2 cell damage
model, following with decreased IL-1, IL-6 and TNF-α level,
which is also consistent with the clinical finding that miR-
199a-3p is negatively correlated with the progression of DN
(Zhang et al., 2020b). The protective effects of miR-199a-
3p is via suppressing miR-199a-3p mediated IKKβ/NF-κB
pathway (Zhang et al., 2020b). In vitro experiments, the
overexpression of miR-26a-5p significantly inhibits the bovine
serum albumin (BSA)-induced IL-6 and TNF-α expression
in HK2 cells while the inhibition of miR-26a-5p promotes
the expression of inflammatory cytokines (Li et al., 2020c).
MiR-26a-5p is also found to activate NF-κB pathway by
targeting on CHAC1 and TLR4 genes (Zhong et al., 2018;

FIGURE 3 | The roles of DNA methylation and histone modification in the DN process. High glucose or stimulating factors cause DNA methylation and histone
modification. DNA methylation is mainly regulated by DNMTs. MIC-1 and TIIA inhibits DNA methylation and reduces inflammation in DN. In the processes of histone
modification, SET7/9 regulates H3K4 methylation, UTX regulates H3K27 demethylation, HAT promotes histone acetylation, and HDAC4/9 promotes histone
deacetylation. The above processes regulate inflammatory genes, in turn affects the inflammatory response in DN. DN, diabetic nephropathy; DNMTs, DNA
methyltransferases; UTX, ubiquitously transcribed tetratricopeptide repeat, X chromosome; HAT, histone acetyltransferases; HDAC, histone deacetylase; NF-κB,
Nuclear factor-κB; MCP-1, monocyte chemoattractant protein-1; STAT1, Signal transducer and activator of transcription 1.
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TABLE 1 | The target genes and potential mechanisms of miRNAs associated with inflammation in DN.

miR Targeted
Genes/Pathway

Inflammation
Pathway/Related
mediator

Sample Model Effect on
Inflammation

References

miR-15b-5p Sema3A IL-1β, TNF-α, and IL-6. Cells Mouse podocytes Alleviate Fu et al., 2019b

miR-21 Timp3 Podocyte apoptosis Rats STZ-induced DN rats Promote Chen et al., 2018

Cells HG-treated podocytes

miR-21 N/D NF-κB Mice Db/db mice Promote Zhong et al., 2013

miR-29 KEAP1 SIRT1/NF-κB/microR-
29/Keap1

Rats STZ-induced DN rats Alleviat Zhou et al., 2015

Cells HG-induced injury in HK-2 cells

miR-29b Sp1 TNF-α, MCP-1/NF-κB Mice Db/db mice Alleviate Chen et al., 2014b

miR-31 N/D The recruitment of
leukocytes to vascular walls

Serum DN patients Alleviate Rovira-Llopis et al.,
2018

miR-126 Vegf PI3K/AKT/mTOR IL-1β,
IL-6, IL-18 and TNF-α

Rats STZ-induced DN rats Alleviate Lou et al., 2020

Cells NRK52E

miR-133 N/D MAPK/ERK Rats Cells STZ-induced DN rats
HG-induced injury in HK-2 cells

Promote Shao et al., 2019

miR-140-5p N/D TLR4, NF-κB Tissue Kidney tissues from DN
patients

Alleviate Lou et al., 2020

Cells HG-induced injury in HK-2 cells

miR-217 N/D SIRT1/VEGF/HIF-1α Serum DN patients Promote Shao et al., 2017

miR-217 N/D N/A Cells Rat glomerular mesangial cells Promote Shao et al., 2016

miR-218 N/D NF-κB Rats Rat streptozotocin-induced
model of DN

Alleviate Li et al., 2020b

miR-218 DACH1 TNF-α and IL-1β Cells HG-induced injury in HK-2 cells Peomote Zhang et al., 2020c

miR-218 GPRC5A N/A Cells HG-induced injury in HK-2 cells Promote Su et al., 2020

miR-325-3p CCL19 N/A Cells HK-2 and human MC cells Promote Sun et al., 2020a

miR-328-3p Tlr4 TLR4, NF-κB Cells MP5 cells Alleviate Duan et al., 2020

miR-34b N/D IL-6R/JAK2 /STAT3 Cells HG-induced HK-2 cells Promote Lv et al., 2019

miR-451 Lmp7 NF-κB Mice Db/db mice Alleviate Sun et al., 2016

Cells HG-induced MCs

miR-485 NOX5 N/A Cells Human MCs Alleviate Wu et al., 2020

miR-544 Fasn NF-κB Mice Db/db mice Alleviate Sun et al., 2020b

miR-770-5p Timp3 IL-1β, TNF-α Cells HG-induced mouse podocytes Promote Wang and Li, 2020

miR-874 N/D TLR4 Rats STZ-induced DN rats Alleviate Yao et al., 2019

Cells HG-induced podocytes

N/D, not determined; N/A, not available; IL, interleukin; TNF, tumor necrosis factor; DN, diabetic nephropathy; STZ, streptozotocin; HG, High glucose; NF-κB, Nuclear
factor-κB; SIRT1, Silent information regulator 1; KEAP1, Kelch-like ECH-associated protein 1; HK-2, human kidney 2; Sp1, specificity protein 1; MCP-1, monocyte
chemoattractant protein-1; VEGF, vascular endothelial growth factor; HIF-1α, hypoxia-inducible factor-1α; NRK52E, rat kidney tubular epithelial cells; MCs, mesangial
cells; TLR4, Toll-like receptors 4; MAPK/ERK, mitogen-activated protein kinase/extracellular signal-regulated kinase; JAK2, Janus kinase 2; STAT3, Signal transducer and
activator of transcription 3.

Li et al., 2020c). MiR-155 and miR-146a have also been found to
be correlated with renal damage, possibly due to the increased
expression of TNF-α, TGF-β1, and NF-κB, and their roles in
inflammation-mediated glomerular endothelial damage (Huang
et al., 2014). Moreover, miRNAs regulate inflammation by
modulating macrophage polarization. As mentioned before,
macrophage M1 polarization act as an inflammation driver. In
miR-146a deficiency diabetic mice, the expression of M1 markers
is increased while the M2 response is diminished which is in
accordance with the upregulated pro-inflammatory cytokines,
suggesting the anti-inflammatory proporities of miR-146a (Bhatt
et al., 2016). M2 macrophages ameliorate podocyte injury is
related to miR-25-3p (Huang et al., 2020). It is found that

autophagy deficiency in diabetic mice increases macrophage
infiltration in proximal tubules (Ma et al., 2020), and the
induction of miR-214 enhances the autophagy impairment,
thus aggravating renal inflammation (Li et al., 2011). MiR-
214 in monocytes is upregulated by AGEs, which in turn
impairs the expression of the phosphatase and tensin homolog
(PTEN) and delays spontaneous apoptosis of monocytes (Li
et al., 2011). Additionally, miR-27a is downregulated by
an adipokine, omentin-1, which alleviates inflammation and
OS by directly targeting the 3′-UTR of Nrf2 (Song et al.,
2018). MiR-29b attenuates podocyte injury by targeting the
3′-UTR of HADC4 in DN (Gondaliya et al., 2020). MiR-
125b has been found to inhibit the chromatin histone H3K9
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TABLE 2 | The target genes and potential mechanisms of lncRNAs associated with inflammation in DN.

lncRNA Targeted Axis/ Inflammation
Pathway

Sample Model Effect on
Inflammation

References

XIST miR-485/PSMB8 Human DN patients Promote Wang, 2020

Cells Human MCs

RPPH1 Gal-3/Mek/Erk Mice Db/db mice Promote Zhang et al., 2019a

Cells HG-induced MCs

NEAT1 miR-34c/NLRP3- CASPASE-1-IL-1β Rats STZ-induced DN rats Alleviate Zhan et al., 2020

Cells HBZY-1

MEG3 miR-181a/Egr-1/TLR4 pathway Rats DN rat models Promote Zha et al., 2019

KCNQ1OT1 miR-506-3p/NLRP3-CASPASE-1-IL-1β Cells HG-induced HK-2 cells Promote Li et al., 2017

MALAT1 miR-23c/NLRP3-CASPASE-1-IL-1β Rats Cells STZ-induced DN rats
HG-induced HK-2 cells

Promote Li et al., 2017

Gm4419 NF-κB/NLRP3 inflammasome Cells HG-induced MCs Promote Yi et al., 2017

NON-
HSAG053901

Egr-1/TGF-β Mice Cells STZ-induced mice Mesangial
cells

Promote Peng et al., 2019

HOTTIP miR-455-3p/WNT-2B Cells HG-inducedSV40-MES13
cells and HK-2 cells

Promote Zhu et al., 2019

GAS5 miR-452-5p/NLRP3-
CASPASE-1-IL-1β

Cells HK-2 cells Alleviate Xie et al., 2019

UCA1 miRNA-206 Rats DN rat models Alleviate Yu et al., 2019

Cells HK-2 cells

LRNA9884 Mcp-1/Smad3 Mice Db/db Promote Zhang et al., 2019b

Cells Mouse tubular epithelial cells

PSMB8, proteasome subunit beta type-8; DN, diabetic nephropathy; MCs, mesangial cells; HG, high glucose; STZ, streptozotocin; NLRP3, NOD-like receptor protein 3;
IL, interleukin; STZ, streptozotocin; HBZY-1, Rat glomerular mesangial cell line; TLR4, Toll-like receptors 4; Egr-1, Early growth response protein 1; HK-2, human kidney
tubular epithelial cell 2; WNT-2B, a protein of the Wnt signaling pathway.

methyltransferase to regulate inflammatory genes in diabetic
mice (Villeneuve et al., 2010). Hyperglycemia induces miR-101b,
which targets the EZH2, leading to mesangial dysfunction in DN
(Jia et al., 2019).

Moreover, accumulating evidence shows that a lot of miRNAs
are involved in the regulation of inflammation in DN as shown in
Table 1.

LncRNAs also contribute to the development and
progression of DN. LncRNA myocardial infarction associated
transcript (MIAT) promotes hyperglycemia-induced podocyte
inflammation by sponging miR-130a-3p and the regulation
of TLR4 (Zhang et al., 2020a). LncRNA 4930556M19Rik
has been found to protect against HG-induced podocyte
damage by downregulation miR-27a-3p (Fan and Zhang, 2020).
Macrophage-specific lncRNA_7949 mediates macrophage-
induced kidney inflammation by the controlling of MCP-1
transcription through TLR4/NF-κB pathway (Lv et al., 2015).
TGF-β/Smad3 transits the miRNA profile and promotes renal
diseases via regulating transcriptional levels of non-coding RNAs.
SMAD3-dependent lncRNAs have been recently uncovered in
kidney diseases (Tang et al., 2018a, 2020a). LncRNA Erbb4-IR
is responsible for TGF-β/Smad3-regulated renal fibrosis by
inhibiting SMAD7 (Feng et al., 2018). It has been reported
that lncRNA Erbb4-IR enhances diabetic kidney injury by
mediating miR-29b in db/db Mice. Deletion of SMAD3 could
down-regulate the lncRNA Erbb4-IR transcription, and therefore
protect against renal injury in db/db mice (Sun et al., 2018).

LRNA9884, a novel SMAD3-dependent lncRNA, is not
only involved into NF-κB-mediated inflammatory responses
by activation of macrophage migration inhibitory factor
(MIF) in AKI, but also enhances diabetic renal injury via
promoting MCP-1-dependent renal inflammation in db/db
mice (Zhang et al., 2019b, 2020d; Xu et al., 2020a). The
lncRNAs involved in the inflammation of DN are shown in
Table 2.

CircRNAs regulate gene expressions by acting as sponges
of miRNA (Kristensen et al., 2019), and play an important
role in renal diseases (Jin et al., 2020). As a sponge of miR-
135a, circRNA_010383 is markedly decreased in the kidney
of db/db mice and HG-induced kidney resident cells, and
overexpression of circRNA_010383 in kidney protects kidney
from proteinuria and fibrosis in DN (Peng et al., 2021).
CircLRP6, as a sponge of miR-205, activates TLR4/NF-κB
pathway and induces inflammation in high glucose treated
mesangial cells (Chen et al., 2019a). CircACTR2 induces
inflammation and pyroptosis in high glucose treated renal
tubular cells (Wen et al., 2020). Circ_0003928 attenuates
the high glucose-induced inflammation in HK-2 cells by
targeting miR-151-3p/Anxa2 (An et al., 2020). CircWBSCR17
aggravates inflammation and fibrosis in high glucose-induced
HK-2 cells via miR-185-5p/SOX6 axis (Li et al., 2020a).
Circ0000285 enhances inflammation via sponging miR-654-3p
in high glucose treated podocytes and diabetic mouse kidney
(Yao et al., 2020).
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DISCUSSION

The current evidence reveals epigenetics (methylation,
acetylation, and non-coding RNA modification) modulate
inflammation via intrinsic cells, immune cells, and numerous
inflammatory pathways in the development of DN. Persistent
inflammation in DN promotes the renal fibrosis, thus resulting
in CKD and even end-stage renal disease (Tang et al., 2020a).
Anti-inflammatory therapy has long been considered to have
enormous benefits for either the alleviation or the prevention
of DN (Barutta et al., 2015). In this review, we summarized
the evidence linking epigenetic modifications and inflammation
in DN. Thus, it may be an effective approach to target these
modifications for DN treatment. As for histone modification, the
inhibition of HATs/HDACs provides as a class of new agents or
therapeutic targets for the treatment of DN. Most of agents are
non-selective inhibitors hindering the clinical application (Wang
et al., 2014). Valproic acid is a specific HDAC1 inhibitor, which
attenuates proteinuria, fibrosis, and inflammatory effects and
even acute pancreatitis (Van Beneden et al., 2011; Jain et al., 2019).
However, effects of specific HDAC inhibitors for DN remain
largely unexplored.

LncRNAs have been considered the novel markers as well
as the potential therapeutic targets, and novel drug delivery
vehicles (e.g., exosome-ncRNAs). Metformin has been found
to protect against inflammation and ECM accumulation in
mesangial cells via the H19/miR-143-3p/TGF-β1 axis, suggesting
that the H19/miR-143-3p/TGF-β1 axis could be a potential
therapeutic target for the management of DN (Xu et al.,
2020b). The competing endogenous RNA (ceRNA) network
analysis on human miRNA indicates that RP11-363E7.4/TTN-
AS1/HOTAIRM1-hsa-miR-106b-5p-PTGER3 and LINC00960-
hsa-miR-1237-3p-MMP-2 interaction pairs are significant in
diabetic kidney (Yu et al., 2021). Drugs such as iloprost,
treprostinil, and captopril that target PTGER3 and MMP-2 might
benefit patients with DN (Yu et al., 2021).

Intriguingly, several studies show miRNA-192 is upregulated
in diabetic patients with microalbuminuria, but downregulated
in macroalbumnuria compared to normalbuminuria (Krupa
et al., 2010; Jia et al., 2016). However, another study
shows that miR-192 is increased in DN patients with over
proteinuria (ACT >300 mg/g) compared to microalbuminuria
(Chien et al., 2016). These studies indicate miRNA-mediated

epigenetic modifications may have various roles in different
stages of a disease.

Besides DNA methylation, histone modification and non-
coding RNA, RNA methylation plays an important role in
the mRNA post-translational modification. For example, N6-
methyladenosine (m6A) methylation is the most chemically
modified form of eukaryotic messenger RNA (mRNA) which
modifies the adenosine at the 3’-UTR and the stop codon
of a mRNA (Fu et al., 2014; Roundtree et al., 2017). Roles
of epigenetic modifications are not fully elucidated. Recently,
single nucleus ATCT-seq integrated with snRNA-seq has been
used to detect the cell-type-specific chromatin accessibility
which enable to deep understanding of cell heterogeneity in
kidney (Bansal et al., 2020; Muto et al., 2021). It may provide
a new approach to understand the epigentic modifications
in DN.

Collectively, further studies are warranted to reveal the precise
regulatory mechanisms in the different stages of DN as well as
potential therapeutic targets and diagnostic biomarkers for DN.
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Renal fibrosis is one of the most characterized pathological features in chronic kidney
disease (CKD). Progressive fibrosis eventually leads to renal failure, leaving dialysis or
allograft transplantation the only clinical option for CKD patients. Transforming growth
factor-β (TGF-β) is the key mediator in renal fibrosis and is an essential regulator for renal
inflammation. Therefore, the general blockade of the pro-fibrotic TGF-β may reduce
fibrosis but may risk promoting renal inflammation and other side effects due to the
diverse role of TGF-β in kidney diseases. Long non-coding RNAs (lncRNAs) are RNA
transcripts with more than 200 nucleotides and have been regarded as promising
therapeutic targets for many diseases. This review focuses on the importance of TGF-β
and lncRNAs in renal inflammation, fibrogenesis, and the potential applications of TGF-
β and lncRNAs as the therapeutic targets and biomarkers in renal fibrosis and CKD
are highlighted.

Keywords: long non-coding RNA, renal fibrosis, inflammation, TGF-β, SMADs, molecular therapy

INTRODUCTION

Chronic kidney disease (CKD) has become a significant public health problem with the rising
mortality and morbidity over the past three decades (Provenzano et al., 2019). Renal fibrosis is
one of the most prominent pathogenic features and the best predictor for CKD progression (Majo
et al., 2019). Triggered by the initial renal insults, the fibrotic process evokes to establish repairs.
However, as severe or persistent injuries prolong, renal resident cells, together with infiltrating
cells, may contribute to the initiation and progression of fibrosis with excessive deposition of
extracellular matrix (ECM) in the glomerulus, tubulointerstitium, and vasculature (Glassock et al.,
2017). Moreover, unresolved renal inflammation could also trigger the fibrotic process by releasing
pro-fibrotic growth factors, cytokines, and chemokines (Chung and Lan, 2011; Meng et al., 2014).
Injuries from mesangial cells, endothelial cells (ECs), podocytes, tubular epithelial cells (TECs),
and inflammatory cells could also lead to renal glomerular and interstitial fibrosis (Figure 1).
Progressive renal fibrosis and inflammation can then impair the function of nephrons and results
in albuminuria and the reduction of eGFR. Renal fibrosis culminates in renal failure, well known
as end-stage renal disease (ESRD) (Liu, 2011).
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FIGURE 1 | Renal intrinsic and inflammatory cells in glomerular and interstitial fibrosis during kidney injury. Damaged mesangial cells (MCs), endothelial cells (ECs),
and podocytes are essential in the glomerular fibrosis. The mesangial cell may produce pro-fibrotic and pro-inflammatory growth factors and cytokines and enhance
proliferation to cause deposition of the mesangial matrix. Damages on endothelial cells and podocytes may lead to albuminuria and endothelial dysfunction in
chronic kidney disease (CKD). Injured tubular epithelial cells (TECs) may produce pro-fibrotic and pro-inflammatory factors, resulting in the accumulation of
extracellular matrix (ECM) and inflammatory cells in the tubulointerstitium area. Immune cells, including macrophages and T cells, may participate in renal fibrosis by
producing growth factors and becoming collagen-producing myofibroblasts under the regulation of transforming growth factor-β (TGF-β)/Smad3 signaling.

Transforming growth factor-β (TGF-β) is a primary
pathophysiologic cytokine that instigates the process of
fibrosis (Meng et al., 2016a). TGF-β can induce transcription of
fibrotic products such as α-SMA and collagens by canonical and
non-canonical signaling pathways. Fibrotic mediators include
angiotensin II (Ang II), reactive oxygen species (ROS), as well
as advanced glycation end products (AGEs) that may activate
individual pathways to crosstalk with TGF-β/Smad signaling to
regulate renal fibrosis and inflammation (Chung et al., 2010;
Lan, 2011). However, current anti-fibrotic therapies by targeting
TGF-β are ineffective with unexpected side effects, underscoring
the complexities of the TGF-β signaling pathway (Yoshimura
and Muto, 2011; Gu et al., 2020a).

With the new technologies of high-throughput assays, we
can now update our understanding of the genomes. The
transcriptomic studies have demonstrated that the vast majority
of the genomes in mammals produce large numbers of non-
protein-coding RNAs (ncRNAs) (Quinn and Chang, 2016). These
ncRNAs are classified into long non-coding RNAs (lncRNAs),
microRNAs (miRNAs), small interfering RNAs (siRNAs), small
nuclear RNAs (snRNAs), small nucleolar RNAs (snoRNAs), and
PIWI-interacting RNAs (piRNAs) (Van der Hauwaert et al.,

2019). Of these ncRNAs, lncRNAs are characterized as RNAs
being transcribed over 200 nucleotides in length. They have been
considered the major players in fibrotic diseases’s pathogenesis
due to their tissue and cell-type specificity and the regulations
on DNAs, RNAs, and proteins (Jiang and Zhang, 2017). Of note,
many TGF-β/Smad3-regulated lncRNAs have been reported
as essential mediators in the process of renal fibrosis and
inflammation (Tang et al., 2017, 2018a,b).

In this review, the underlying mechanistic signaling pathways
by which TGF-β and lncRNAs drive renal fibrosis are to be
discussed. The developments of biomarkers and therapeutic
potential for renal inflammation and fibrosis by targeting TGF-
β/Smad signaling and lncRNAs are also described.

DIVERSE ROLES OF TGF-β/SMAD
SIGNALING PATHWAY IN RENAL
INFLAMMATION AND FIBROSIS

Transforming growth factor-β is a pleiotropic cytokine that plays
diverse roles in a wide range of biological and pathological
processes. Indeed, TGF-β acts as either deleterious or protective
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functions in kidney diseases (Lopez-Hernandez and Lopez-
Novoa, 2012). TGF-β may induce renal fibrosis by canonical and
non-canonical signaling pathways (Lan and Chung, 2012; Isaka,
2018). Besides, TGF-β promotes renal fibrosis by stimulating
ECM accumulation and alternatively activating the pro-fibrotic
immune cells, facilitating the transitions from various cell types
into pro-fibrotic cells (Gu et al., 2020b). Therefore, understanding
the diverse roles of TGF-β is of utmost importance in the
development of anti-fibrotic therapies.

Transforming growth factor-β is a well-characterized member
that belongs to the TGF-β superfamily. Among three isoforms
of TGF-β, TGF-β1 is considered the pro-fibrotic molecule that
drives the fibrotic process via canonical and non-canonical
signaling pathways (Lodyga and Hinz, 2019). In particular,
high expression of TGF-β1 is observed in most, not all
progressive forms of human and rodent kidney diseases
(Kopp et al., 1996; Fan et al., 1999; Lan, 2012b; Lan and
Chung, 2012), demonstrating the pathogenic role for TGF-
β1 in CKD. To induce transcriptions of target genes, likely
as α-SMA and collagens, the latent TGF-β1 becomes active
and binds to TGF-β receptors, promoting the transduction of
a series of Smad proteins to regulate fibrogenesis (Derynck
and Zhang, 2003). Regarding the downstream TGF-β/Smad
signaling, although the functions of Smad2 and Smad4 have
been well studied (Tsuchida et al., 2003; Ju et al., 2006; Meng
et al., 2012; Morishita et al., 2014; Loeffler et al., 2018),
their mechanistic roles are diverse and unclear due to the
limited availability of animal models, which still warranted for
further exploration.

It is widely acknowledged that Smad3 is pro-fibrotic, while
Smad2 and Smad7 are anti-fibrotic. Smad3 is highly activated
in a wide range of renal disease; evidence on animal models
suggest that the inhibition or blockade of Smad3 may reduce
the fibrotic response (Wang et al., 2006; Yang et al., 2009,
2010; Li et al., 2010; Zhou et al., 2010; Liu et al., 2012;
Zhang et al., 2018). By contrast, the function of Smad2 and
Smad7 is protective, which negatively regulates the TGF-
β/Smad3 signaling in renal fibrosis and inflammation (Lan,
2008, 2012a; Chen et al., 2011). Many studies support this
finding, showing that overexpression of Smad7 improves renal
fibrogenesis in obstructive, diabetic, hypertensive, toxin-induced
nephropathy and autoimmune crescentic glomerulonephritis (Li
et al., 2002; Lan et al., 2003; Hou et al., 2005; Ng et al.,
2005; Ka et al., 2007; Chung et al., 2009; Liu et al., 2013,
2014; Dai et al., 2015) by inhibiting the TGF-β/Smad3 and
NF-κB signaling pathways. However, the contradictory findings
have also reported that the overexpression of Smad7 could
promote TGF-β-driven apoptosis in podocytes (Schiffer et al.,
2001, 2002). Collectively, although restoring the imbalance
between Smad3 and Smad7 may serve as an ideal therapy
to halt the fibrotic process (Nie et al., 2014; Zhao et al.,
2014, 2016; Meng et al., 2015; Du et al., 2018b), Smad3
and Smad7 also serve as the vital downstream molecules
in other signaling pathways. Therefore, new specific targets
should be sought.

Transforming growth factor-β may also be produced by
damaged renal intrinsic cells or immune cells in acute and

CKDs, thus promoting the transition of tubular cells into
myofibroblasts (Mack and Yanagita, 2015). Myofibroblasts
produce fibronectin and collagens and contribute to ECM
accumulation (Yuan et al., 2019). Based on current studies,
the sources of myofibroblast origins include pericytes (Wu
et al., 2013), renal resident fibroblasts, tubular epithelial cell-
myofibroblast transition (EMT) (Iwano et al., 2002), endothelial
cell-myofibroblast transition (EndoMT) (Zeisberg et al.,
2008) and bone marrow-derived macrophage-myofibroblast
transition (MMT) (Fan et al., 1999; Meng et al., 2016b; Wang
et al., 2017). TGF-β/Smad signaling pathway tightly regulates
these transitions.

To halt the fibrotic process, strategies to inhibit the function
of TGF-β include the utilization of neutralizing antibodies
(Border et al., 1990), small molecule inhibitors against TGF-β
receptors (Bonafoux and Lee, 2009), latent form of TGF-β
(Huang et al., 2008a,b) and antisense oligonucleotides to TGF-
β1 (March et al., 2018). These findings have conferred a vital
pathological role of TGF-β in renal inflammation and fibrosis,
implying the urgent need for anti-TGF-β therapy.

THERAPEUTIC EFFECT OF ANTI-TGF-β
TREATMENT ON KIDNEY DISEASES

Anti-TGF-β therapy is an issue of considerable debate. On the
one hand, TGF-β is the crucial mediator that regulates fibrosis
in all organs, especially in kidneys (Györfi et al., 2018). On
the other hand, TGF-β regulates a wide range of biological and
pathological processes and acts as essential roles in the immune
cells, such as macrophages, conventional and unconventional T
cells (Meng, 2019; Gu et al., 2020a). Over the past decades, a
number of therapeutic drugs and clinical trials for the treatment
of CKD targeting TGF-β have further revealed the underlying
mechanisms and renewed our understanding of TGF-β signaling
(Ruiz-Ortega et al., 2020).

Targeting on the TGF-β family, LY2382770 and fresolimumab
have proven no efficacy on improvements in neither
proteinuria, eGFR, nor serum creatinine in focal and segmental
glomerulosclerosis (FSGS) and diabetic nephropathy (DN)
(Trachtman et al., 2011; Vincenti et al., 2017; Voelker et al.,
2017). Besides, various side effects induced by blocking
TGF-β, including herpes zoster, skin lesions, pustular rash,
bleeding events, and cancers, have demonstrated the awkward
situation of the anti-TGF-β therapies. Hopefully, with the
rapid development of pharmacology, a promising synthetic
anti-TGF-β agent, pirfenidone, is proven to improve the eGFR
decline in patients with DN and FSGS (Cho et al., 2007; Sharma
et al., 2011). Further studies and clinical trials on pirfenidone’s
renal protective effects are still ongoing (NCT02689778,
NCT02408744, and NCT00001959).

Nevertheless, the by-effects such as gastrointestinal disorders
and photosensitive dermatitis of pirfenidone are inevitable,
raising safety concerns to the clinical application of anti-
TGF-β therapies. Current anti-TGF-β therapies have limited
effectiveness, underscoring the urgent need to develop specific
therapeutic targets to halt the progression of renal fibrosis.
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THE EMERGING ROLE OF LONG
NON-CODING RNAs IN RENAL
INFLAMMATION AND FIBROSIS

The genomic and transcriptional landscape is far more
complicated than we previously appreciated. With the
development of large-scale transcriptome analyses, we have
now acknowledged that the vast majority of genomic sequence
is transcribed into a group of lncRNAs (Hangauer et al., 2013).
However, these lncRNAs were initially ignored as “transcriptional
noise” or “evolutionary debris,” dating from the 1970s (Ohno,
1972). In the 1990s, the functions of some classically defined
lncRNAs are discovered, such as X inactive specific transcript
(XIST) in X chromosome inactive specific, raising the possibility
that lncRNAs may play an essential role in cellular biology and
disease (Brockdorff et al., 1991; Brown et al., 1991). Of note,
the number of identified lncRNAs is rapidly rising to date.
Based on the GENCODE1 (version 33), 17952 lncRNA and
19957 protein-coding genes have been identified in the human
genome, but the functions of lncRNAs in renal development
and diseases remain largely unknown. In the context of lncRNA
function in kidney diseases, lncRNAs may act as scaffolds,
decoys, or guides to control the recruitment or dismissal of
chromatin-modifying complexes.

Although lncRNAs produce in deficient amounts, their
expression patterns are highly restricted to specific cell types,
tissue, developmental stage, or disease state, suggesting the
distinctive roles of lncRNAs in different physiological or
pathological contexts (Batista and Chang, 2013; Flynn and
Chang, 2014). Pathologically, the fibrotic and inflammatory
processes in the kidneys may be triggered by a wide
range of renal injuries in the attempt to establish tissue
repair. Pathological hallmarks include TGF-β activation,
myofibroblast differentiation and transition, ECM deposition,
and inflammatory responses. Of note, TGF-β is a master
regulator of immune cell trades that it correlates closely with the
development, homeostasis, and differentiation of immune cells
such as T cells (Li and Flavell, 2008). T cells are the predominant
players in TGF-β-driven renal fibrosis and inflammation (Kinsey
and Okusa, 2014; Ludwig-Portugall and Kurts, 2014; Hu
et al., 2016). The hematopoietic-specific TGF-β and cytokines
produced by inflammatory immune cells may activate innate and
acquired immune response (Gu et al., 2020b). These may well be
associated with the functions of lncRNAs in renal inflammation.
For instance, lncRNAs may act as mediators in lupus nephritis
pathogenesis to regulate inflammation and apoptosis of renal
cells (Xue et al., 2017; Liao et al., 2019; Chen et al., 2020).

Nevertheless, lncRNAs take part in the fibrotic or
inflammatory transcriptional regulation by direct interactions
with RNA polymerase II (Pol II), transcription factors (TFs),
and other regulators. Furthermore, some lncRNAs may act
as competing endogenous RNAs (ceRNAs), which play the
competitive role as the sponges to bind with miRNAs and
reduce the concentration of fibrotic or inflammatory miRNAs,

1http://www.gencodegenes.org

therefore competing with these miRNAs in binding to their
target mRNA transcripts.

As previously mentioned, the group of lncRNAs identified in
kidneys is highly specific to cell type or disease state. Studies
carried out over these years have identified a group of anti- or
pro-fibrotic and inflammatory lncRNAs in diabetic, acute and
chronic renal diseases (Tang et al., 2017, 2018a; Ren et al., 2019;
Gu et al., 2020c) (Table 1).

For example, hyperglycemia is one of the most driving forces
in renal fibrosis. Zhang et al. has revealed the anti-fibrotic
effect of lncRNA growth arrest-specific transcript (GAS5) in
the progression of DN. lncRNA GAS5 may downregulate the
expression of pro-inflammatory MMP9 by recruiting EZH2 to
the MMP9 promoter region, therefore inhibiting renal interstitial
fibrosis and inflammatory (Zhang et al., 2020a). lncRNA
CRNDE also interacts with miR-181a-5p to to protect sepsis-
induced AKI from apoptosis (Wang et al., 2020a). Moreover,
overexpression of lncRNA CCAT1 may down-regulate miR-155,
thus inhibiting inflammation and promoting proliferation (Lu
et al., 2020). LncRNA zinc finger E-box binding homeobox1-
antisense RNA 1 (ZEB1-AS1) provides a binding site in its
promoter region for p53. It may promote H3K4me3 histone
modification on ZEB1 promoter to exhibit anti-fibrotic effect
(Wang et al., 2018a). In the context of fibrosis, the function of
lncRNA metastasis-associated lung adenocarcinoma transcript
1 (MALAT1) has been well-studied in cardiac and in hepatic
fibrosis (Jiang et al., 2019; Riaz and Li, 2019; Che et al., 2020).
MALAT1 has caught much attention in renal diseases for its
anti-inflammatory effect in AKI. The expression of LncRNA
1700020I14Rik tends to decrease under high glucose conditions,
but the overexpression of LncRNA 1700020I14Rik exerts an anti-
fibrotic effects by inhibiting cell proliferation and regulating the
miR-34a-5p/Sirt1/HIF-1α pathway (Li et al., 2018). Moreover,
lncRNA CYP4B1-PS1-001 significantly reduces in the early stage
of DN; the proliferation and fibrosis of mesangial cells are
reversed as the overexpression of CYP4B1-PS1-001 regulates the
ubiquitination and degradation of Nucleolin (Wang et al., 2016a,
2018c). ENSMUST00000147869 is significantly downregulated
in the DN model. Overexpression of ENSMUST00000147869
may inhibit fibrosis and proliferation of mesangial cells by the
possible regulation of the Cyp4a12a gene (Wang et al., 2016b).
To interact with miRNAs and proteins in podocytes, pericytes,
or TECs, lncRNAs such as taurine upregulated gene 1 (TUG1)
(Zhao et al., 2019; Cao et al., 2020a,b), Rian (Bijkerk et al., 2019),
3110045C21Rik (Arvaniti et al., 2016) also function as anti-
fibrotic lncRNA to participate in the pathogenesis of systematic
erythematosus lupus (SLE), ischemia-reperfusion injury and
obstructive nephropathy, respectively.

Studies on pro-fibrotic lncRNAs are shown in Table 2.
LncRNA myocardial infarction-associated transcript (Miat) has
been identified to function as miRNA sponges in TECs and
pericytes, thus regulating their transitions into myofibroblast
(Bijkerk et al., 2019; Wang et al., 2020b). In diabetes-induced
renal injury, lncRNA nuclear enriched abundant transcript 1
(NEAT1) is found to be increased in the serum of DN patients.
A further mechanistic study has revealed that lncRNA NEAT1
may progress the development of DN by sponging miR-23c.
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TABLE 1 | Anti-fibrotic or anti-inflammatory long non-coding RNAs (lncRNAs) in renal diseases.

lncRNA Model Mechanism/target Pathological output(s) Year References

GAS5 STZ-induced DN and rat Recruits EZH2 to the promoter region
of MMP9

Anti-fibrotic;
anti-inflammatory

2020 Zhang et al., 2020a

CRNDE Sepsis-induced AKI, rat, and TECs Regulation of miR-181a-5p/PPARα

pathway
Anti-inflammatory 2020 Wang et al., 2020a

CCAT1 LPS-induced AKI mice and TECs Overexpression of CCAT1 sequesters
miR-155 and leads to upregulation of
SIRT1 and TECs damage

Anti-inflammatory 2020 Lu et al., 2020

TUG1 SLE patient serum and SLE mouse / Anti-fibrotic;
anti-inflammatory

2020 Cao et al., 2020a,b

LPS-induced podocyte injury Targets miR-197/MAPK1 Anti-inflammatory 2019 Zhao et al., 2019

Rian/RIAN UUO mouse, AKI mouse, and pericytes Possible interactions with 14q32
miRNA cluster

Anti-fibrotic 2019 Bijkerk et al., 2019

Malat1/MALAT1 AKI; mice; and TECs Regulates HIF-1α expression through
NF-κB signaling

Anti-inflammatory 2018 Tian et al., 2018

ZEB1-AS1 DN mouse and DN patient Binds to H3K4 methyltransferase
myeloid and MLL1 to promote ZEB1
expression
Provides a binding site for p53

Anti-fibrotic 2018 Wang et al., 2018a

1700020I14Rik DN mouse and MCs Interacts with miR-34a-5p,
Sirt1/HIF-1α

Anti-fibrotic 2018 Li et al., 2018

CYP4B1-PS1-001 DN mouse and MCs Regulates Nucleolin to inhibit
proliferation and fibrosis of MCs

Anti-fibrotic 2018
2016

Wang et al., 2016a,
2018c

3110045C21Rik UUO mouse and TECs Contains binding sites for Pol II and
H3K4m3

Anti-fibrotic 2016 Arvaniti et al., 2016

ENSMUST00000147869 DN mouse and MCs Possibly targets on Cyp4a12a gene Anti-fibrotic 2016 Wang et al., 2016b

Moreover, studies from Yang et al. and Huang et al. have
drawn similar conclusions. At the same time, they further
demonstrated that lncRNA NEAT1 might promote fibrosis in
TECs and MCs by regulating the ERK1/2 or Akt/mTOR signaling
pathways (Huang et al., 2019; Yang et al., 2020). It is reported
that NEAT1 may also promote renal inflammation in lupus
nephritis by upregulating the expression of TRAF6 and activating
the NF-κB signaling in lupus nephritis (Zhang et al., 2020b).
lncRNA LOC105375913 is upregulated in the TECs of FSGS
patients and functions to promote tubulointerstitial fibrosis by
regulating C3a/p38/XBP signaling pathway and by increasing
the expression of Snail and binding to miR-27b (Han et al.,
2019). lncRNA LINC00667 is also upregulated in kidney tissues
related to the proliferation of TECs. A further mechanistic
study has revealed that LINC00667 promotes renal fibrosis by
regulating the miR-19b-3p/LINC00667/CTGF signaling pathway
(Chen et al., 2019). lncRNA TapSAKI is reported as a biomarker
with pro-inflammation and pro-apoptosis in injured TECs and
can predict mortality in AKI patients (Lorenzen et al., 2015a).

In diabetic kidney disease, ribonuclease P RNA component
H1 (Rpph1) (Zhang et al., 2019b)and Blnc1 are marked
as pro-inflammatory lncNRAs (Feng et al., 2019). Moreover,
studies on DN have observed the upregulation of lncRNA
MALAT1 in TECs and podocytes under high glucose-induced
conditions. Induced by TGF-β1, MALAT1 facilitates EMT and
promotes fibrosis by acting as a sponge for miR-145 or as
a feedback regulator of the Wnt/β-catenin signaling pathway
(Hu et al., 2017; Liu et al., 2019a; Zhang et al., 2019a). However,
the pathogenic role of lncRNA MALAT1 in hypoxia-induced

AKI remains unclear. Kölling et al. have identified an increased
level of lncRNA MALAT1 in renal biopsies and plasma of
AKI patients; in vitro study has also shown a decreased
number and proliferation in MALAT1-inhibited ECs. The
mechanistic study has discovered that it is transcriptionally
activated by hypoxia-inducible factor 1α (HIF-1α). However, no
significant differences in inflammation and fibrosis were shown
on MALAT1 knockout and wild-type mice in hypoxia-induced
AKI (Kölling et al., 2018).

Also, microarray data have shown a pro-fibrotic role
of lncRNA LINC00963 by targeting on FoxO3 gene to
regulate the FoxO signaling pathway (Chen et al., 2018). Pro-
inflammatory cytokines, together with NLRP3 inflammasome,
may also drive the progression of fibrosis under diabetic
conditions. Furthermore, lncRNA Gm4419 is increased in DN
and promotes renal fibrosis and inflammation by activating
the NF-κB/NLRP3 inflammasome signaling pathway in MCs
(Yi et al., 2017). However, the functional roles of lncRNA
ENSRNOG00000037522 and CHCHD4P4 are remained to be
further investigated (Zhang et al., 2017a; Ling et al., 2018).

TRANSFORMING GROWTH
FACTOR-β/SMAD3-DEPENDENT
LNCRNA IN RENAL INFLAMMATION
AND FIBROSIS

Fibrotic responses triggered by TGF-β/Smad3 signaling are of
importance in renal fibrogenesis. However, generally blocking the
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TABLE 2 | Pro-fibrotic or pro-inflammatory lncRNAs in renal diseases.

lncRNA Model Mechanism/function Pathological output(s) Year References

Miat/MIAT UUO mouse and TECs Sponge for miR-145 Pro-fibrotic 2020 Wang et al., 2020b

UUO mouse, IRI mouse, and pericytes Possible interactions with miR-150 Pro-fibrotic 2019 Bijkerk et al., 2019

Neat1/NEAT1 DN mouse and TECs Regulates the Klotho/ERK1/2
signaling

Pro-fibrotic 2020 Yang et al., 2020

Plasma from DN patient, DN mouse,
and MCs

Sponge for miR-23c Pro-fibrotic 2020 Li et al., 2020

DN rat and MCs Possible regulation of Akt/mTOR Pro-fibrotic 2019 Huang et al., 2019

MCs Targets miR-146b to promote TRAF6
expression

Pro-inflammatory 2019 Zhang et al., 2020b

LOC105375913 FSGS patient and TECs Regulated by C3a/p38/XBP-1s
signaling and binds to miR-27b

Pro-fibrotic 2019 Han et al., 2019

LINC00667 CKD patient, CKD rat, and TECs Promotes fibrosis via
miR-19b-3p/LINC00667/CTGF
signaling

Pro-fibrotic 2019 Chen et al., 2019

TapSAKI Sepsis-induced AKI; rats; and TECs Promotes apoptosis and
inflammation of TECs via
TaqSAKI/miR-22/TLR4/NF-κB
signaling pathway

Pro-inflammatory 2019 Shen et al., 2019

Rpph1 db/db mice and MCs Promotes inflammation and MCs
proliferation through Gal-3/Mek/Erk
signaling

Pro-inflammatory 2019 Zhang et al., 2019b

Blnc1 DN patient, STZ-induced DN, and TECs Interaction with NRF2/HO-1 and
NF-κB signaling

Pro-fibrotic;
Pro-inflammatory

2019 Feng et al., 2019

Malat1/MALAT1 DN and TECs Regulation of Wnt/β-catenin signaling Pro-fibrotic 2019 Zhang et al., 2019a

DN mouse and TECs Sponge for miR-145 Pro-fibrotic 2019 Liu et al., 2019a

Plasma, renal biopsies from AKI
patients, IRI mouse, TECs, and ECs

Regulated by HIF-1α No significant effect 2018 Kölling et al., 2018

DN mouse and podocytes Binds to SRSF1, interacts with
β-catenin

Pro-fibrotic 2017 Hu et al., 2017

STZ-induced mice and ECs Upregulated IL-6, TNF-α by activating
SAA3

Pro-inflammatory 2015 Puthanveetil et al.,
2015

ENSRNOG00000037522 DN rat and podocytes / Pro-fibrotic 2018 Ling et al., 2018

NR_033515 Serum from DN patient and MCs Negatively regulates miR-743b-5p Pro-fibrotic 2018 Gao et al., 2018

LINC00963 5/6 nephrectomy and rat Activates the FoxO signaling Pro-fibrotic 2018 Chen et al., 2018

CHCHD4P4 Kidney stone, mouse and TECs / Pro-fibrotic 2017 Zhang et al., 2017a

ASncmtRNA-2 DN mouse and MCs Upregulated by ROS Pro-fibrotic 2017 Gao et al., 2017

Gm4419 DN mouse and MCs Activates NF-κB/NLRP3-mediated
inflammation and interacts with p50

Pro-fibrotic;
pro-inflammatory

2017 Yi et al., 2017

PVT1 AKI; and LPS-induced TECs Binds to TNF-α and inhibits JNK/
NF-κB signaling pathway

Pro-inflammatory 2017 Huang et al., 2017

RP23-45G16.5 UUO mouse and TECs Shows positive correlation with
cdkn1b gene

Pro-fibrotic 2016 Arvaniti et al., 2016

upstream TGF-β signaling may risk promoting inflammation and
other side effects. We are beginning to learn that the involvement
of TGF-β in many other biological processes has been the main
obstacle for anti-TGF-β therapy. Nevertheless, the majority of
studies continue to seek therapeutic targets for anti-fibrotic
treatments. miRNA targeting downstream TGF-β signaling has
been one of the optimal options.

However, the off-target effects and cytotoxicity of miRNA
therapies have caught the attention of their specificity and
safety. Encouragingly, it has been reported that a group of
characterized lncRNAs is involved in TGF-β/Smad3-mediated
renal fibrosis and inflammation (Zhou et al., 2014, 2015b)
(Table 3). These emerging studies should provide possibilities
for lncRNA treatment in the future. Ptprd-IR is a novel lncRNA

that promotes inflammatory response on TECs in the UUO
model. It contains a binding site for Smad3 in its promoter
region and is downregulated by deleting Smad3. In contrast, the
overexpression of Ptprd-IR enhances inflammatory response by
upregulating TGF-β1-, interleukin-1β (IL-1β)-induced NF-κB-
driven production of pro-inflammatory cytokines but shows no
effect on the TGF-β1-induced renal fibrosis (Pu et al., 2020).
Other novel lncRNA, lncRNA Erbb4-IR, of which expression
is induced by TGF-β1 via Smad3-dependent mechanism, is
significantly increased in the fibrotic UUO model (Feng et al.,
2018). Erbb4-IR binds to the inhibitory Smad7 and blocks TGF-
β/Smad3-induced renal fibrosis, while overexpression of Erbb4-
IR may promote fibrosis by downregulating the expression of
Smad7. Of note, Erbb4-IR may also be induced by advanced
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glycosylation end products (AGEs) in DN. It promotes the
expression of collagens by binding to miR-29b and hence
transcriptionally suppresses miR-29b. Silencing renal Erbb4-IR
leads to the upregulation of protective miR-29b and prevents
fibrosis (Sun et al., 2018; Xu et al., 2020). Besides, lncRNA AT-
rich interactive domain 2-IR (Arid2-IR) also contains a Smad3
binding site in the promoter region. Further in vivo study
has shown that deletion of Smad3 may abolish upregulation
of Arid2-IR in the diseased kidney. Arid2-IR shares a similar
mechanism with Ptprd-IR that overexpression of Arid2-IR may
promote TGF-β1-, IL-1β-induced NF-κB-driven inflammation
without affecting TGF-β/Smad3-mediated renal fibrosis (Zhou
et al., 2015a). Nevertheless, the study from Yang et al. (2019)
has demonstrated the upregulation and pro-fibrotic effect of
Arid2-IR on MCs in DN, that Arid2-IR may be positively
regulated by the early growth response protein-1 (Egr1) and
promote ECM production.

A novel Smad3-dependent lncRNA, LRNA9884, is induced
by AGEs and tightly regulated by Smad3 in the development

and progression of DN. Mechanistically, LRNA9884 directly
binds to MCP-1 and enhances the promoter activity of MCP-
1 at the transcriptional level, thus aggravating the renal injury
driven by progressive inflammation (Zhang et al., 2019c). The
kidney-enriched TGF-β/Smad3-interacting lncRNA, term as Inc-
TSI, is another novel lncRNA that serves as a potential target
for renal fibrosis (Wang et al., 2018b). lnc-TSI inhibits renal
fibrosis by binding to the MH2 domain of Smad3, therefore
blocking the interaction of Smad3 and TβRI and inhibiting
the phosphorylation of Smad3. Meanwhile, the overexpression
of lnc-TSI prevents the nuclear translocation of Smad2/3/4,
resulting in the decreased expression of fibrotic proteins. The
anti-fibrotic role of lnc-TSI has further confirmed that the
fibrosis index of IgAN patients is negatively correlated with the
expression of lnc-TSI.

Collectively, the TGF-β/Smad3-mediated lncRNAs may act
as anti-fibrotic or pro-fibrotic mediators in the fibrotic process
by binding to Smad3, Smad7, or inflammatory molecules
to inhibit or enhance renal fibrosis and inflammation. It

TABLE 3 | TGF-β/Smad3-dependent lncRNAs in renal fibrosis and inflammation.

ncRNA Model Mechanism/function Pathological output(s) Year References

Ptprd-IR (np_4334) UUO mouse and TECs Contains a binding site for Smad3
and promotes NF-κB-driven
inflammation

Pro-inflammatory 2020 Pu et al., 2020

Erbb4-IR (np_5318) DN mouse, TECs, and MCs Binds to miR-29b to downregulate
miR-29b expression

Pro-fibrotic 2020
2018

Sun et al., 2018; Xu
et al., 2020

UUO mouse and TECs Binds to Smad7 to downregulate
Smad7 expression

Pro-fibrotic 2018 Feng et al., 2018

Arid2-IR (np_28496) DN mouse and MCs Upregulated by Egr-1-induced ECM
production

Pro-fibrotic 2019 Yang et al., 2019

UUO mouse, anti-GBM mouse, and
TECs

Contains a binding site for Smad3
and promotes NF-κB-driven
inflammation

Pro-inflammatory 2015 Zhou et al., 2015a

LRNA9884 DN mouse, TECs, and MCs Directly triggers the MCP-1
production

Pro-inflammatory 2019 Zhang et al., 2019c

NONHSAG053901 DN mouse and MCs Directly binds to Egr-1 Pro-fibrotic;
pro-inflammatory

2019 Peng et al., 2019

HOTAIR UUO rat and TECs Regulation of miR-124 /Notch1 Pro-fibrotic 2019 Zhou et al., 2019

lncRNA-ATB UUO rat and TECs Regulated by Livin to promote EMT Pro-fibrotic 2019 Zhou and Jiang,
2019

MEG3 TECs Regulated by miR-185/DNMT1 axis
to inhibit fibrosis

Anti-fibrotic 2019 Xue et al., 2019

TECs; acute renal allograft; and mice Function as target of miR-181b-5p to
regulate the expression of TNF-α

Pro-inflammatory 2019 Pang et al., 2019

ENST00000453774.1 Human renal fibrotic tissue, UUO
mouse, and TECs

Activates autophagy by promoting
ROS defense activates Nrf2/HO-1
signaling

Anti-fibrotic 2019 Xiao et al., 2019

lnc-TSI IgAN patient and UUO mouse Binds with Smad3 to block the
interaction between Smad3 and TβR1

Anti-fibrotic 2018 Wang et al., 2018b

TCONS_00088786 UUO mouse and TECs Possible regulation of miR-132 Pro-fibrotic 2018 Zhou et al., 2018

UUO rat and TECs / Pro-fibrotic 2017 Sun et al., 2017

TCONS_01496394 UUO rat and TECs / Pro-fibrotic 2017 Sun et al., 2017

H19 UUO mouse, DN mouse, and TECs Stimulated by TGF-β2 and serves as
a sponge for miR-17

Pro-fibrotic 2016 Xie et al., 2016

CKD, chronic kidney disease; FSGS, focal and segmental glomerulosclerosis; STZ, streptozotocin; DN, diabetic nephropathy; SLE, systematic erythematosus lupus;
IgAN, IgA nephropathy; anti-GBM, anti-glomerular basement membrane; LPS, lipopolysaccharides; UUO, unilateral ureteral obstruction; AKI, acute kidney injury; IRI,
ischemia-reperfusion injury; MCs, mesangial cells; TECs, tubular epithelial cells; ECs, endothelial cells; SAA3, serum amyloid antigen 3.
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has been demonstrated by a large number of studies that
lncRNAs act like an endogenous RNA to compete for miRNA
to regulate the target transcripts at the transcriptional or
post-transcriptional level during renal fibrosis. In the early
stage of DN, the expression of lncRNA NONHSAG053901 is
highly increased in DN mice and MCs. The functional study
has revealed that the overexpression of NONHSAG053901
promotes fibrosis, inflammation, and proliferation in MCs.
Mechanistically, NONHSAG053901 directly binds to Egr-1,
which later interacts with TGF-β to upregulate the release of pro-
inflammatory cytokines to promote Egr-1/ TGF-β mediated renal
inflammation (Peng et al., 2019). In addition, the pro-fibrotic
lncRNA HOTAIR is significantly upregulated in TGF-β1-induced
TECs and UUO rat kidney. Depletion on HOTAIR upregulates
miR-124 to block the Notch1 signal pathway, therefore improving
the EMT and reducing the accumulation of fibrotic proteins such
as fibronectin and α-SMA (Zhou et al., 2019).

lnc-ATB has also been proven to be the critical regulator
stimulated by TGF-β that mediates the EMT process. The
expression of lncRNA-ATB is significantly increased in TECs and
the UUO kidney under TGF-β and Livin regulation (Zhou and
Jiang, 2019). Another lncRNA regulated by TGF-β is maternally
expressed gene 3 (MEG3), inhibited in TGF-β-stimulated
TECs. DNA methyltransferases 1 (DNMT1), regulated by miR-
185, can positively modulate the methylation state of CpG
islands in the promoter region of MEG3. Overexpression
of lncRNA MEG3 reverses TGF-β-induced fibrosis in TECs.
Thus, lncRNA MEG3 exerts an anti-fibrotic effect in TGF-
β-promoted EMT and is regulated by the miR-185/DNMT1
signaling pathway (Xue et al., 2019). However, one study
had investigated the pro-inflammatory effect of MEG3 in the
acute renal allograft model (Pang et al., 2019). The anti-
fibrotic lncRNA, ENST00000453774.1, is also downregulated
in TGF-β-induced TECs and UUO model, especially in the
fibrotic renal biopsies from patients. ENST00000453774.1 may
regulate the Nrf2-keap1/Nrf2 nuclei translocation/HO-1 and
NQO-1 signaling to activate the pro-survival autophagy of
TECs, therefore promoting ROS defense and reducing the
production of ECM markers such as fibronectin and collagen I
(Xiao et al., 2019).

Nevertheless, the mechanism of some pro-fibrotic lncRNAs
is still obscure. Based on the transcriptome sequencing study,
a group of lncRNAs that contain Smad3 binding motifs in the
promoter region has been identified. Among these lncRNAs,
TCONS_00088786 and TCONS_01496394 are confirmed to be
regulated by TGF-β in a time and dose-dependent manner.
Knockdown of TCONS_00088786 may inhibit the mRNA
expression profile of the gene Acta1, Col1a1, and Col3a1,
while knockdown of TCONS_01496394 decreases the mRNA
expression of Ctgf and Fn1, suggesting their potential in
promoting renal fibrosis (Sun et al., 2017). Although a functional
study has shown a positive regulation of TCONS_00088786 on
miR-132, the underlying mechanism is unclear (Zhou et al.,
2018). Interestingly, the expression of lncRNA H19 is also
increased in TECs and the UUO model. lncRNA H19 is activated
in embryonic cells, but its expression is significantly decreased
after birth. Under the renal fibrotic condition, H19 is upregulated

by TGF-β2 to promote the production of ECM-related proteins.
Knockdown of H19 restores the renal functions and inhibits
TGF-β2-induced fibrosis. It is demonstrated that H19 serves as a
sponge for miR-17 and negatively regulates miR-17 in the process
of fibrogenesis (Xie et al., 2016). However, further evidence on
how H19 and miR-17 contribute to the network of renal fibrosis
remains unclear.

FUTURE PERSPECTIVES: LNCRNA AS A
NOVEL THERAPEUTIC TARGET FOR
KIDNEY DISEASE

The activation of TGF-β/Smad signaling is one of the most
characterized features in fibrosis. Although TGF-β is the crucial
driver of fibrotic response, it also acts as an anti-inflammatory
cytokine and essential mediator that regulates a wide range
of biological processes in different cell types and disease
conditions. Numerous studies reveal that lncRNAs participate in
the emergence and progression of kidney diseases. An outline is
becoming manifest in the contribution of TGF-β/Smad-mediated
lncRNAs in renal fibrogenesis.

We are now getting better closer to understand how these
lncRNAs regulate fibrosis. They can bind to the Smads proteins
to exert either anti- or pro-fibrotic effects. They can also
serve as miRNA sponges and interact with other signaling
pathways to regulate ECM accumulation, EMT, MMT, or other
fibrotic processes.

Based on the cell type-, tissue- and disease stage-dependent
specialties, lncRNA may also present as biomarkers for clinical
diagnosis in renal diseases (Brandenburger et al., 2018; Cheng
et al., 2019; Li et al., 2019; Liu et al., 2019b; Loganathan
et al., 2020). Interestingly, lncRNAs are relevant biomarkers for
disease due to their existence with proteins or in vesicles in
the extracellular space under pathological conditions (Teng and
Ghoshal, 2015; Ellinger et al., 2016; Zhang et al., 2017c; E, S.,
Costa et al., 2018; Sarfi et al., 2019). Studies have demonstrated
that circulating lncRNAs in body fluid, lncRNA GAS8-AS1,
H19, metastasis-associated lung adenocarcinoma transcript 1
(MALAT1), and HOTAIR may be used as promising biomarkers
to predict the early progression of cancers (Zhang et al., 2016,
2017b; Du et al., 2018a). Notably, the lncRNA expression profiles
in urine also contribute to the early detection of acute T cell-
mediated rejection of renal allografts (Lorenzen et al., 2015b),
highlighting the importance of lncRNAs in T cell-mediated
immune response during renal injuries (Hu et al., 2013).

The modulation of lncRNAs on renal fibrosis is a promising
therapeutic target for fibrosis. However, it remains largely
unexplored. The low expression amounts, the less conservation
between species, the functional complexity, and the difficulty
in modifying structures and locations of lncRNA in nuclear
or cytoplasmic compartments have halted the development of
lncRNA therapies.

Nevertheless, new technologies such as CRISPR/Cas9 editing
(Wang et al., 2019; Horlbeck et al., 2020), Gapmer antisense
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oligonucleotide-mediated lncRNA silencing (Castanotto et al.,
2015; Kuespert et al., 2020), plasmid/vector-delivery short
hairpin RNAs (shRNAs) (Zhu et al., 2019; Yao et al., 2020)
and ultrasound-mediated gene transfer method (Zhou et al.,
2015a; Feng et al., 2018; Sun et al., 2018; Zhang et al.,
2019c) may represent the novel strategies to modulate the
expression and function of lncRNA in kidney diseases in
the future.
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Provincial Clinical Research Center for Kidney Disease, Nanfang Hospital, Southern Medical University, Guangzhou, China,
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Objectives: To analyze the clinical characteristics and renal pathological manifestations

of patients with monoclonal gammopathy (MG) and kidney injury.

Methods: This was a multicenter retrospective cohort study conducted at four

tertiary hospitals in China. The study population comprised patients with MG admitted

from January 1 2013 to December 31 2020. Hospitalization records, laboratory data,

and kidney biopsy reports of all patients were collected from the electronic hospital

information systems. The study outcomes included kidney disease progression and

major hemorrhagic complications after kidney biopsy.

Results: We identified 1,164 patients with MG, 782 (67.2%) of whom had underlying

kidney injury. Of 101 patients who underwent kidney biopsy, 16 had malignant

neoplasms. Amyloid nephropathy was the most common finding (n = 34, 33.7%),

followed by membranous nephropathy (n = 18, 17.8%) and membranoproliferative

nephritis (n = 8, 7.9%). Among 85 patients with non-malignant hematologic conditions

who underwent kidney biopsy, 43 had MG of renal significance (MGRS) related lesions

and 42 had MG-unrelated lesions. The risk of kidney disease progression was higher in

patients with kidney injury than in patients without kidney injury.

Conclusion: Among patients with MG and kidney injury, only 12.9% underwent kidney

biopsy and more than 40% of these patients had MG-unrelated lesions. A kidney biopsy

is safe and essential to maximize the possibility of correct diagnosis for patients with

clinically suspected MG of renal significance (MGRS).

Keywords: kidney biopsy, monoclonal gammopathy, monoclonal gammopathy of undetermined significance,

monoclonal gammopathy of renal significance, amyloid nephropathy
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INTRODUCTION

Monoclonal gammopathy (MG) is defined as the presence
of a monoclonal immunoglobulin (MIg) in serum
resulting from the clonal proliferation of Ig-producing
plasma cells or B-lymphocytes (1, 2). Monoclonal
gammopathies are a group of disorders ranging from
non-malignant small clonal proliferations to malignant
neoplasms of plasma cells or B-lymphocytes (3, 4). MG of
undetermined significance (MGUS) is usually a premalignant
condition, is not associated with any organ damage
attributable to the MIg, and does not require treatment
(5, 6).

The MIg or its fragments (light chains and/or heavy
chains) are secreted into the blood and subsequently filtered
by the glomerulus before entering the urine. The kidneys
are commonly involved in such hematologic conditions and
there are various types of renal disease (7). Kidney damage
secondary to MIg in the absence of hematologic malignancy
has been increasingly recognized and is called MG of renal
significance (MGRS) (8). This term was introduced by the
International Kidney and Monoclonal Gammopathy Research
Group (IKMG) in 2012 and updated to include all B-
cell and plasma cell proliferative disorders that produce a
nephrotoxic MIg by the new IKMG consensus in 2019 (9).
However, the underlying B-cell or plasma cell clone does not
cause tumor complications or meet any current hematologic
criteria for specific therapy. Once the hematologic condition
progresses to overt multiple myeloma (MM), Waldenström
macroglobulinemia (WM), advanced-stage chronic lymphocytic
leukemia, or malignant lymphoma (as defined by their respective
established disease criteria), these diseases are no longer
considered MGRS and affected patients are managed according
to disease-specific protocols.

Chronic kidney disease (CKD) is a leading public health
problem worldwide. The global estimated prevalence of
CKD is 13.4% (11.7–15.1%) (10). During the past decades,
the prevalence of CKD and MG has significantly increased,
especially among the elderly (11–13). Therefore, it is
conceivable that some hospitalized patients with MG also
have CKD, but kidney damage is not associated with MIg.
Given the different disease management strategies, it is very
important to distinguish MGRS from other types of CKD in
these patients (14, 15). However, there is uncertainty about
which patients should undergo kidney biopsy and when this
should be performed among nephrologists and hematologists.
Knowledge about clinicopathological features of those patients
with MG and kidney injury who needs kidney biopsy is
still limited.

In this retrospective cohort study, we described
the clinical characteristics of MG patients with kidney
injury, the spectrum of kidney biopsy findings in
these patients, and the clinical outcomes of these
patients. We also evaluated the risk of hemorrhagic
complications and the potential benefit of kidney biopsy in
these patients.

METHODS

Study Design, Population, and Data Source
This was a retrospective multicenter cohort study conducted at
four tertiary hospitals in China (Nanfang hospital, Guangzhou;
Guilin Medical University Affiliated Hospital, Guilin; The First
People’s Hospital of Foshan, Foshan; The second people’s hospital
of Shenzhen, Shenzhen). The study cohort comprised patients
admitted to a participating hospital from January 1, 2013,
to December 31, 2020, who had at least one positive serum
immunofixation result during hospitalization. The admission
date of the hospitalization during which the patient was first
diagnosed with MG was considered the baseline for analysis.

The study centers were asked to export the hospitalization
records, laboratory data, and kidney biopsy reports of all
patients from the electronic hospital information systems.
Hospitalization records consisted of patients’ age, sex, date of
admission, diagnosis code at admission and discharge, and in-
hospital death. Laboratory data included the value and time of
patients’ serum and urinary tests. Kidney biopsy reports included
histologic diagnosis and detailed histologic reports based on
light microscopy, electron microscopy, and immunofluorescence
assays. The specimens were regularly stained with hematoxylin-
eosin, periodic acid Schiff, periodic acid-silver methenamine, and
Masson’s trichrome, and tested for IgA, IgG, IgM, C3, C4, C1q,
and κ/λ light chains by immunofluorescence assays.

The exported data from all study centers were pooled
and cleaned at the National Clinical Research Center
for Kidney Disease in Guangzhou. The Medical Ethics
Committee of Nanfang Hospital approved the study
protocol (NFYY-2015-073).

Identification of MGRS
All patients were divided into two groups (with and without
kidney injury) based on their kidney function and urinary test
results at baseline for more detailed analysis. Patients were
considered to have kidney injury at baseline if they met any of
the following inclusion criteria: urinary protein ≥ 1+, estimated
glomerular filtration rate (eGFR) ≤ 60 ml/min/1.73 m2 (CKD-
EPI equation), or daily urinary protein excretion > 0.5 g/24 h.

Among MG patients without hematologic malignancy who
underwent kidney biopsy, lesions were considered to be
associated with MGRS based on the consensus guideline
issued by the IKMG. C3 glomerulopathy and thrombotic
microangiopathy are not associated with renal deposition of MIg.
Other MGRS-related lesions are caused by deposition of MIgs,
fragments thereof, or various aggregation products. Patients
with thrombotic microangiopathy were considered to have an
MGRS-related lesion if no other obvious cause of thrombotic
microangiopathy (such as atypical hemolytic uremic syndrome,
thrombotic thrombocytopenic purpura, drugs, or underlying
autoimmune disease) was identified.

Study Outcome
The primary outcome was kidney disease progression, which
was defined as progression to end-stage renal disease (sustained
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FIGURE 1 | Study flowchart of patients with MG who underwent a kidney biopsy from 2013 to 2020.

eGFR < 15 ml/min/1.73 m2 or the need for maintenance renal
replacement therapy) or a permanent 30% reduction in the eGFR
relative to the initial level at biopsy. The secondary outcome
was major hemorrhagic complications, which were defined as
hemorrhagic complications requiring blood transfusion or other
invasive procedures after kidney biopsy.

Statistical Analysis
The eGFR was calculated using the CKD-Epidemiology
Collaboration equation. SPSS 22.0 statistical software was
used. All P values are two-sided. P < 0.05 was considered
statistically significant. Continuous data were expressed as mean

± standard deviation. Categorical variables were presented as
number and percentage. Survival analysis was performed by
generating Kaplan-Meier curves and using the log-rank test.
Only patients followed up for more than 3 months were included
in survival analysis.

RESULTS

Study Population
Among 9,213 hospitalized patients who underwent a serum
immunofixation test during hospitalization, 1,203 had positive
results. After excluding 39 patients with missing demographic
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TABLE 1 | Baseline characteristics of patients with MG stratified by the status of kidney injury.

Characteristic Overall (n = 1,164) With kidney injury (n = 782) Without kidney injury (n = 382) P

Male 711 (61.1%) 481 (61.5%) 230 (60.2%) 0.669

Age (year) 61.2 ± 12.4 62.1 ± 12.3 59.4 ± 12.5 0.001

Hypertension 290 (24.9%) 231 (29.5%) 59 (15.4%) <0.001

Diabetes 120 (10.3%) 90 (11.5%) 30 (7.9%) 0.054

Hepatitis B 35 (3.0%) 25 (3.2%) 10 (2.6%) 0.587

Serum studies

Albumin (g/l) 31.2 ± 7.4 29.9 ± 7.5 33.8 ± 6.3 <0.001

Creatinine (µmo/l) 166.3 ± 268.2 216.1 ± 315.3 64.3 ± 16.8 <0.001

eGFR (ml/min per 1.73 m2) 71.4 ± 36.7 58.5 ± 36.8 97.8 ± 17.1 <0.001

eGFR<60 (ml/min per 1.73 m2) 401 (34.5%) 401 (51.3%) 0 (0) <0.001

κ/λ 1.81 (0.70–7.42) 1.71 (0.70–6.08) 2.10 (0.80–9.81) 0.543

Urinary studies

Urinary protein (g/d) 0.82 (0.20–3.04) 1.44 (0.35–4.15) 0.11 (0.07–0.15) <0.001

Proteinuria >1.5 g/d 166 (39.6%) 166 (48.0%) 0 (0) <0.001

Hematuria 407 (38.8%) 407 (56.3%) 0 (0) <0.001

κ/λ 1.42 (0.49–2.68) 1.42 (0.49–2.68) / /

Hematologic studies

Clonal subtype

Ig isotype

IgA(+) 305 (26.2%) 212 (27.1%) 93 (24.3%) 0.314

IgG(+) 638 (54.8%) 416 (53.2%) 222 (58.1%) 0.113

IgM(+) 128 (11.0%) 78 (10.0%) 50 (13.1%) 0.111

IgA/IgG/IgM(+) 19 (1.6%) 14 (1.8%) 5 (1.3%) 0.543

IgA&IgG&IgM(−) 74 (6.4%) 62 (7.9%) 12 (3.1%) 0.002

Ig light chain

Kappa(+) 498 (42.8%) 321 (41.0%) 177 (46.3%) 0.087

Lambda(+) 480 (41.2%) 333 (42.6%) 147 (38.5%) 0.182

Kappa&Lambda(+) 20 (1.7%) 12 (1.5%) 8 (2.1%) 0.49

Kappa&Lambda(−) 166 (14.3%) 116 (14.8%) 50 (13.1%) 0.424

Received BM biopsy 377 (29.0%) 261 (33.4%) 76 (19.9%) <0.001

Values for continuous variables are described as mean ± SD or median (IQR) depending on the distribution, and for categoric variables described as count (%).

or clinical data, we identified 1,164 patients who met the
inclusion criteria (Figure 1). Of these patients, 782 (67.2%,
782/1,164) had underlying kidney injury, only 101 (12.9%,
101/782) of whom underwent kidney biopsy. The level of serum
creatinine, daily excretion of urinary protein, and proportions
of patients with hypertension and hematuria were higher among
patients with kidney injury than among patients without kidney
injury (Table 1). Age, the ratio of serum total light chains
(κ to λ), and the proportions of male patients, patients with
diabetes, and patients with hepatitis B did not significantly
differ between the two groups. The clonal subtype of MIg,
including immunoglobulin isotype and immunoglobulin light
chain, determined by serum immunofixation is also shown in
Table 1. Light chain only was observed with a higher frequency
inMG patients with kidney injury (62/782, 7.9% vs. 12/382, 3.1%,
MG patients with kidney injury vs. MG patients without kidney
injury) and kidney biopsy group (43/101, 42.6 vs. 19/681, 2.8%,
kidney biopsy group vs. no kidney biopsy group).

Clinical Characteristics and Pathological
Manifestations of MG Patients Who
Underwent Kidney Biopsy
Among patients with MG and kidney injury, 101 underwent
kidney biopsy. Table 2 summarizes the demographic and
laboratory data of patients who underwent kidney biopsy and
those who did not. Patients with kidney injury who underwent
kidney biopsy were younger, had higher levels of serum
creatinine and daily excretion of urinary protein and had a lower
initial eGFR and serum albumin level than patients with kidney
injury who did not undergo kidney biopsy.

Of 101 patients who underwent kidney biopsy, 16 (15.8%)
were diagnosed with malignant neoplasms (15MM and 1
smoldering MM). Among 85 patients with non-malignant
hematologic conditions, 43 had MGRS-related lesions and 42
had MG-unrelated lesions (Table 3). There was no significant
difference in the average age, level of serum creatinine and
daily excretion of urinary protein, the ratio of serum total light
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TABLE 2 | Baseline characteristics of MG patients with kidney injury stratified by the status of kidney biopsy.

Characteristic Kidney biopsy (n = 101) Without kidney biopsy (n = 681) P

Male 68 (67.3%) 413 (60.6%) 0.198

Age (year) 56.2 ± 12.0 62.9 ± 12.1 <0.001

Hypertension 36 (35.6%) 195 (28.6%) 0.15

Diabetes 17 (16.8%) 73 (10.7%) 0.072

Hepatitis B 8 (7.9%) 17 (2.5%) 0.004

Serum studies

Albumin (g/l) 25.8 ± 8.4 30.5 ± 7.2 <0.001

Creatinine (µmo/l) 167.1 ± 182.3 223.3 ± 330.0 0.012

eGFR (ml/min per 1.73 m2) 62.7 ± 33.5 57.9 ± 37.3 0.182

eGFR<60 (ml/min per 1.73 m2) 46 (45.5%) 355 (52.1%) 0.217

κ/λ 1.35 (0.72–2.12) 1.83 (0.68–9.91) <0.001

Urinary studies

Urinary protein (g/d) 4.94 (1.67–7.07) 1.10 (0.33–3.27) <0.001

Proteinuria >1.5 g/d 38 (77.6%) 128 (43.1%) <0.001

Hematuria 72 (71.3%) 335 (53.9%) 0.001

κ/λ 1.42 (0.49–2.68) / /

Clonal subtype

Ig isotype

IgA(+) 18 (17.8%) 194 (28.5%) 0.024

IgG(+) 30 (29.7%) 386 (56.7%) <0.001

IgM(+) 10 (9.9%) 68 (10.0%) 0.979

IgA/IgG/IgM(+) 0 (0) 14 (2.1%) 0.146

IgA&IgG&IgM(−) 43 (42.6%) 19 (2.8%) <0.001

Ig light chain

Kappa(+) 26 (25.7%) 295 (43.3%) 0.001

Lambda(+) 59 (58.4%) 274 (40.2%) 0.001

Kappa&Lambda(+) 0 (0) 12 (1.8%) 0.179

Kappa&Lambda(−) 16 (15.8%) 100 (14.7%) 0.76

Received BM biopsy 60 (59.4%) 201 (29.5%) <0.001

Values for continuous variables are described as mean ± SD or median (IQR) depending on the distribution, and for categoric variables described as count (%).

chains (κ to λ) between patients with MGRS-related and MG-
unrelated lesions.

As shown in Table 4, amyloid nephropathy was
the most common MGRS-related lesion, followed by
membranoproliferative glomerulonephritis. Eighteen patients
were diagnosed with membranous nephropathy, two of whom
had MGRS-related lesions and 16 of whom had MG-unrelated
lesions. Membranous nephropathy was the most common
MG-unrelated lesion. Four patients were diagnosed with diabetic
glomerulosclerosis, all of whom had preexisting diabetes mellitus
and were considered to have MG-unrelated lesions. The types
of the light chain (κ and λ) present were consistent between the
serum immunofixation and tissue immunofluorescence assays in
40% of patients. Consistent with the heterogeneity, IgG subclass
staining differed across various pathologic manifestions groups
in MG patients (Supplementary Table 1).

Study Outcomes
Among 782 patients with MG and kidney injury, 280 (35.8%,
280/782) were followed up for more than 3 months and included
in the primary outcome analysis. Over a median of 13 months

(interquartile range, 8–22 months) of follow-up, kidney disease
progression (the primary outcome) occurred in 58 (20.7%,
58/280) patients. Among 85 non-maligancy MG patients who
have received kidney biopsy, kidney disease progression occurred
in 1 of 43 (2.3%) patients with MGRS-related lesions and 3 of 42
(7.1%) patients with MG-unrelated lesions. Kaplan-Meier curves
in Figure 2 showed that the risk of kidney disease progression
was higher in MG patients with kidney injury than in MG
patients without kidney injury (P < 0.0001). However, the risk
of kidney disease progression significantly differ between MG
patients who underwent kidney biopsy and those who did not (P
= 0.03) (Supplementary Figure 1). Of two patients who suffered
major hemorrhagic complications after a kidney biopsy, one
underwent blood transfusion and the other underwent intra-
arterial embolization.

DISCUSSION

In this multicenter retrospective cohort of 1,164 patients with
MG, 782 (67.2%, 782/1,164) had underlying kidney injury.
Among them, only 101 (12.9%, 101/782) underwent kidney
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TABLE 3 | Baseline characteristics of patients with MG with kidney injury who underwent a kidney biopsy.

Characteristic Kidney biopsy not relevant with

malignant neoplasms (n = 85)

MGRS-related

lesions (n = 43)

MG-unrelated

lesions (n = 42)

P

Male 60 (70.6%) 26 (60.5%) 34 (81.0%) 0.038

Age (year) 55.8 ± 12.4 57.7 ± 11.0 53.9 ± 13.6 0.161

Hypertension 32 (37.6%) 12 (27.9%) 20 (47.6%) 0.061

Diabetes 15 (17.6%) 4 (9.3%) 11 (26.2%) 0.041

Hepatitis B 7 (8.2%) 3 (7.0%) 4 (9.5%) 0.669

Serum studies

Albumin (g/l) 24.9 ± 8.2 23.6 ± 8.3 26.2 ± 8.0 0.139

Creatinine (µmo/l) 160.1 ± 155.9 166.4 ± 175.3 153.5 ± 135.0 0.705

eGFR (ml/min per

1.73 m2 )

63.7 ± 33.9 60.0 ± 33.3 67.5 ± 34.5 0.309

eGFR<60 (ml/min per

1.73 m2 )

39 (45.9%) 24 (55.8%) 15 (35.7%) 0.063

κ/λ 1.35 (0.73–1.91) 0.78 (0.51–1.70) 1.60 (1.26–2.25) 0.57

Urinary studies

Urinary protein (g/d) 5.64 (2.03–7.07) 5.91 (3.57–7.21) 3.37 (1.59–7.96) 0.44

Proteinuria >1.5 g/d 32 (82.1%) 18 (85.7%) 14 (77.8%) 0.52

Hematuria 60 (70.6%) 30 (69.8%) 30 (71.4%) 0.867

κ/λ 1.36 (0.53–2.2) 0.69 (0.21–1.42) 1.98 (1.47–3.77) 0.478

Hematologic studies

Clonal subtype

Ig isotype

IgA(+) 15 (17.6%) 7 (16.3%) 8 (19.0%) 0.738

IgG(+) 24 (28.2%) 13 (30.2%) 11 (26.2%) 0.679

IgM(+) 10 (11.8%) 3 (7.0%) 7 (16.7%) 0.166

IgA/IgG/IgM(+) 0 (0) 0 (0) 0 (0) /

IgA&IgG&IgM(−) 36 (42.4%) 20 (46.5%) 16 (38.1%) 0.432

Ig light chain

Kappa(+) 21 (24.7%) 7 (16.3%) 14 (33.3%) 0.068

Lambda(+) 51 (60.0%) 29 (67.4%) 22 (52.4%) 0.156

Kappa&Lambda(+) 0 (0) 0 (0) 0 (0) /

Kappa&Lambda(−) 13 (15.3%) 7 (16.3%) 6 (14.3%) 0.799

Received BM biopsy 49 (57.6%) 27 (62.8%) 22 (52.4%) 0.332

Values for continuous variables are described as mean ± SD or median (IQR) depending on the distribution, and for categoric variables described as count (%).

biopsy and 2 (2.0%, 2/101) suffered from major hemorrhagic
complications. Kidney lesions were not related to MG in more
than 40% (49.4%, 42/85) of these patients. Kidney biopsy was
a safe and simple procedure for pathological diagnosis and
prognosis. In our cohort, amyloid nephropathy was found to
be the most common MGRS-related lesion, while membranous
nephropathy was the most common MG-unrelated lesion. Given
that the therapeutic regimens of MGRS and other types of kidney
disease are different, our findings suggest that kidney biopsy is
essential and can provide clinicians with useful information to
guide subsequent treatment.

Over the last decades, the prevalence of CKD and MG has
increased dramatically in China. CKD is prevalent in hospitalized
patients with MG. Therefore, patients can simultaneously have
CKD and MG without a direct causal relationship between
the two disorders. The kidney biopsy is the gold standard for
diagnosis of most kidney diseases however the procedure was

underperformed in our country. There was only 12.9% (101/782)
of our study population with kidney biopsy. Except for patients
with absolute contraindications (i.e., severe thrombocytopenia),
the main reasons why most patients with MG and kidney disease
did not undergo kidney biopsy may be that (1) patients with MG
and kidney injury were diagnosed with MGRS by default and
kidney biopsy was arbitrarily considered unnecessary, and (2)
patients refused to undergo kidney biopsy because it is invasive
and the risk of hemorrhagic complications might be higher
in patients with hematologic disease. Our study showed that
kidney biopsy is safe and the risk of massive hemorrhage in MG
patients is similar to that reported in general patients (16, 17).
More importantly, the major clinical characteristics, such as age,
level of serum creatinine and urinary protein, the proportion
of hematuria, were not comparable between group with MGRS-
related lesions and group withMG-unrelated lesions in our study
patients, indicating that the clinical parameters could not be a
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TABLE 4 | Classification of pathological manifestations of MG patients who underwent kidney biopsy.

Malignant neoplasms

related lesions (N = 16)

n (%) MGRS-related lesions (N = 43) n (%) MG-unrelated lesions (N = 42) n (%)

Amyloid nephropathy 8 (50.0%) Amyloid nephropathy 26 (60.5%) MN 16 (38.1%)

Glomerular minor lesion 2 (12.5%) MPGN 4 (9.3%) Diabetic glomerulosclerosis 4 (9.5%)

FSGS 1 (6.3%) MN 2 (4.7%) IgA nephropathy 3 (7.1%)

EPGN 1 (6.3%) Mesangioproliferative GN 2 (4.7%) FSGS 3 (7.1%)

MPGN 1 (6.3%) Mesangial nodular sclerosing

glomerulopathy

2 (4.7%) MPGN 3 (7.1%)

LCDD 1 (6.3%) Subacute tubulointerstitial nephritis 2 (4.7%) Glomerular minor lesion 3 (7.1%)

HCDD 1 (6.3%) C3 GN 1 (2.3%) Proliferative-sclerosing GN 3 (7.1%)

TMA 1 (6.3%) EPGN 1 (2.3%) Subacute tubulointerstitial nephritis 2 (4.8%)

LCDD 1 (2.3%) Hypertensive renal disease 1 (2.4%)

TMA 1 (2.3%) LN 1 (2.4%)

Proliferative-sclerosing GN 1 (2.3%) EPGN 1 (2.4%)

Mesangioproliferative GN 1 (2.4%)

Hepatitis B virus-associated

nephritis

1 (2.4%)

FSGS, focal segmental glomurular sclerosis; MN, membranous nephropathy; TMA, thrombotic microangiopathy; MPGN, membranoproliferative glomerulonephritis; LCDD, light chain

deposition disease; HCDD, heavy chain deposition disease; EPGN, endocapillary proliferative glomerulonephritis; LN, lupus nephritis.

FIGURE 2 | Kaplan–Meier curves of MG patients stratified by the status of kidney injury.
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predictor of finding the MGRS-related lesion. Establishing an
MGRS diagnosis hinges on kidney biopsy as it is the only way
to demonstrate the presence of monoclonal immunoglobulin
deposits in the renal area.

In the IKMG consensus, MGUS does not require treatment,
while specific management usually employing chemotherapy
toward the pathologic clone and type of kidney injury
is recommended for MGRS due to the nephrotoxicity
of monoclonal immunoglobulin. MGRS is complex and
heterogeneous concerning clinical, pathogenetic, pathologic,
and prognostic findings, therefore, a close collaboration between
several specialties is required for optimal patient treatment
and management. Treatment of MGRS intends to eliminate
the underlying clonal plasma cell or B-cell population, and
thereby decrease or abolish production of the offending MIg
(18). This is the most effective intervention achieved by stem
cell transplantation, chemotherapy, and targeted therapeutic
regimens developed for MM, acute lymphoblastic leukemia,
and B-cell lymphoproliferative disorders (19, 20). According to
Ravindran’s investigation (3), 13.7% of newly diagnosed MG had
chronic kidney diseases, indicating without a kidney biopsy, it
is very likely that MG patients with MG-unrelated lesions will
be presumably considered as MGRS and treated accordingly.
Therefore, clinicians should comprehensively evaluate patients
with suspected MGRS, including complete assessment of their
renal function and nephrologists should have a low threshold to
perform a kidney biopsy.

Consistent with the results of previous studies, amyloid
nephropathy was the most common type of MGRS-related
lesions in our study, followed by membranoproliferative
glomerulonephritis (21). Due to the nephrotoxic potential of
MIgs owing to their unique physicochemical properties, the
renal disease develops differently in the setting of monoclonal
gammopathies (22). Patients with MIg could behave as MGUS
present with no sign of renal impairment, however, few studies
reported the exact proportion of MG patients with renal
impairment. Several small studies showed that kidney injury was
observed in 14–58% of patients with specific types of MG while
our MG cohort contains 67.2% (782/1,164) renal dysfunction
individuals (3, 23, 24). Other patients with MIg show diverse
pathological manifestations upon renal biopsy known as MIg-
related renal diseases, such as diseases of the glomerulus (amyloid
light-chain amyloidosis and MIg deposition disease) and tubules
(proximal tubular disorders and cast nephropathy) (25). Most
MIg-associated renal diseases develop due to direct deposition of
nephrotoxic MIg or its light or heavy chain fragments in various
renal tissue compartments. The MIg-related disease is diagnosed
based on kidney biopsy and immunofluorescence studies
that identify monotypic immunoglobulin deposits (although
these are minimal in patients with C3 glomerulopathy and
thrombotic microangiopathy).

Furthermore, among patients who underwent kidney biopsy,
18(17.8%, 18/101) and 3(3.3%, 3/101) were diagnosed with
membranous nephropathy and IgA nephropathy, respectively.
This is unsurprising because these two disorders are the most
common type of biopsy-identified glomerulonephritis in
general patients (26). Among the 18 patients with membranous

nephropathy, 16 (89%, 16/18) with positive PLA2R staining
and negative for κ and λ light chains were considered to have
MG-unrelated lesions. Meanwhile, the two other patients
with negative PLA2R staining and positive for IgG3 and
κ or λ light chains were considered to have MG-related
membranous nephropathy. Treatment of primary and secondary
membranous nephropathy differs. Similarly, treatment of
MGRS and primary IgA nephropathy differs. These patients
may benefit from accurate pathological diagnosis by kidney
biopsy. Although the Kaplan-Meier curves did show a
worse prognosis in kidney biopsy group, it may result from
selection bias as patients who underwent kidney biopsy had
more severe impaired function. Also, long-term follow-up
and monitoring are required for some patients who cannot
be fully diagnosed after a kidney biopsy. A total of seven
MG patients were diagnosed with membranoproliferative
glomerulonephritis with high clinical suspicion of MGRS
in our study. However, the manifestation of kidney damage
(proteinuria/hematuria) in 2 of 7 patients disappeared
spontaneously during follow-up, indicating that the kidney
lesion was related to other causes (such as infection) rather than
to MGRS.

Besides, a higher frequency of light chain only subtype
(IgA&IgG&IgM(−)) was observed in MG patients with kidney
injury and kidney biopsy group. Light chain excretion, following
by deposition and crystallization in kidney, could results
in tubular nephropathy. The finding made by Klomjit and
coworkers demonstrated a higher concentration of free serum
light chain inMGpatients with kidney biopsy who tended to have
more severe CKD. However, whether the concentration differs
among MG subclasses and to what extent it affects the kidney
function needs further evacuation.

The investigation conducted in Mayo Clinic depicted that
proteinuria ≥1.5 g/d, hematuria and elevated free light chain
ratio are potential predictor for MGRS. However, in our
cohort, with free light chain ratio inaccessiblem, the clinical
measurements, including ratio of κ and λ, proteinuria, hematuria
and total light chain showed no differences between patients
with MGRS-related lesions and with MG-unrelated lesions. We
tend to accounted it to the selection bias in the subcohort since
kidney biopsy is more likely to be applied in patients with more
severe CKD.

Our study with a large cohort has comprehensively described
the clinical characteristics and spectrum of kidney biopsy
findings in patients with MG and renal injury. Most previous
studies focused on a specific type of MGRS, such as amyloidosis
or light chain deposition disease, but without kidney biopsy
findings. Furthermore, our cohort is unique because patients
with hematologic conditions (MM and WM) were analyzed
separately, suggested that we could more accurately describe
the characteristics of MGRS and MG-unrelated kidney disease.
Finally, this was a multicenter study and the sample size
was relatively large. There are some limitations to our
study. First, underlying inherent selection bias could not
be addressed due to the retrospective nature of this study.
Second, important clinical indicators such as free light chain
analysis, morphologic assessment, peripheral blood flow
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cytometry, and myeloma fluorescent in situ hybridization
were unavailable for most patients. Thus, the correlations
between these clinical indicators and MRGS could not
be analyzed.

Only 12.9% of MG patients with kidney injury underwent
kidney biopsy and more than 40% of these patients had
MG-unrelated lesions, among which amyloid nephropathy
accounting for the most. Combined the fact that renal
insufficiency sigficantly worson the kidney survival in MG
patients and the relative low rate of complication after
kidney biopsy, we conclude that kidney biopsy is a safe
and essential procedure to maximize the possibility of
correct diagnosis, and should be encouraged for patients
with suspected MGRS.
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Background and Aims: Alterations in novel immune cell subsets, such as angiogenic T

cells (Tang), senescent T cells (CD4+CD28null), and monocyte subsets are associated

with impaired vascular homeostasis in several inflammatory conditions. However,

mediators underlying vascular deterioration in chronic kidney disease (CKD) are poorly

characterized. This study assessed their role in the vascular deterioration of CKD

using a broad spectrum of surrogate markers ranging from altered functionality to

overt calcification.

Methods: Tang (CD3+CD31+CXCR4+), CD4+CD28null cells, and monocytes

[CD14/CD16 subsets and angiotensin-converting enzyme (ACE) expression] were

measured in peripheral blood by flow cytometry in 33 CKD stage 5 patients undergoing

peritoneal dialysis (CKD5-PD) and 15 healthy controls (HCs). Analyses were replicated in

a hemodialysis cohort. Vascular surrogate markers (including adventitial vasa vasorum,

pulse wave velocity, intima-media thickness, and vascular calcification) were assessed

by appropriate imaging methods.

Results: In CKD5-PD, decreased Tang levels (p < 0.001) were unrelated to clinical

features or traditional cardiovascular (CV) risk factors but correlated negatively with

troponin T levels (r = −0.550, p = 0.003). Instead, CD4+CD28null frequency was

increased (p < 0.001), especially in those with vascular calcifications. Quantitative

and qualitative differences were also observed within the monocyte pool, a shift

toward CD16+ subsets and ACE expression being found in CKD. Equivalent results

were observed in the replication cohort. Each subset associated distinctly with

adverse vascular outcomes in univariate and multivariate analyses: while Tang depletion
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was linked to poor vascular function and subclinical atherosclerosis, increases in

CD4+CD28null were associated with overt vascular thickening and calcification.

Monocytes were not independently associated with vascular outcomes in CKD patients.

Conclusions: Novel T cell and monocyte subsets are altered in CKD. Altered T-cell

subpopulations, but not monocytes, exhibited distinct associations with different vascular

outcomes in CKD. Tang are emerging biomarkers of subclinical vascular deterioration

in CKD.

Keywords: atherosclerosis, vasa vasorum, CKD, inflammation, vascular outcomes

INTRODUCTION

Chronic kidney disease (CKD) is hallmarked by chronic systemic
inflammation, which not only plays a role in aggravating
renal damage, but it also contributes to the development of
comorbidities, such as cardiovascular (CV) disease (1, 2).

Immune dysregulation is known to be involved in vascular
traits such as endothelial damage, vascular dysfunction, or
atherosclerotic plaque development, thus leading to CV disease
(3). Although both innate and adaptive immune responses
are thought to be involved, the exact mediators are yet to
be characterized. Even though a crucial role for T cells and
monocytes has been largely hypothesized (4, 5), it has not
been until recently that specific, novel subsets of T cells and
monocytes were documented to have dedicated functions in
vascular homeostasis.

Within the T-cell compartment, angiogenic T cells (Tang)
were described as a subset of naive T cells with key roles
in vasculogenesis and vascular repair due to their functional
cooperation with endothelial progenitor cells (6). As such, Tang
have been proven to promote endothelial cell proliferation
and function in vitro and trigger vessel formation and repair
in vivo (6). Of note, a decreased frequency of circulating
Tang has been reported in several conditions in association
with adverse CV outcomes (7–11). However, Tang levels have
not been characterized in CKD patients yet. On the other
hand, CD4+CD28null cells are known to be a biomarker
of immunosenescence, and their noxious, cytotoxic-mediated
effects on the vasculature have been described in vitro and
in vivo, including endothelial cell apoptosis as well as plaque
destabilization and rupture (12–14).

Moreover, recent breakthroughs on monocyte biology need
to be considered. First, although classically considered a unique
and relative uniform population, monocytes are now recognized
as a mixture of phenotypical and functionally different subsets,
including at least three categories based on their CD14/CD16
surface expression: classical (CD14+CD16−), intermediate
(CD14+CD16+), and non-classical (CD14lowCD16+) (15, 16).
Since these subsets differ in terms of their ability to elicit cytokine
responses, antigen presentation, or phagocytosis (15, 17), it is
tempting to speculate that they may have different effects on
vascular homeostasis. In addition, changes in the expression
of other markers, such as angiotensin-converting enzyme
(ACE), have been reported (18, 19) and linked to changes in
monocyte activities (19). Even though the role of monocytes in

vascular homeostasis has been a topic of major interest, how this
monocyte heterogeneity relates to vascular outcomes in CKD
remains unknown (20).

Emerging evidence points to an important role of these
subsets in vascular homeostasis in other conditions. However,
evidence is lacking in CKD. First, most of the studies have
focused on individual cell populations, hence making it difficult
to compare the effects of the different subsets. Second, vascular
involvement in CKD is a complex scenario with multiple stages
and pathogenic circuits. Then, focusing on a single entity, such
as medial calcification or atherosclerosis does not allow to
draw firm conclusions on the global picture. Overcoming these
limitations will help not only to gain understanding toward these
potential disease mediators but will also pave the ground for
their potential use as biomarkers in the clinical setting. Therefore,
the main aim of this study was to evaluate potential alterations
of different novel immune cell subsets, previously related to
vascular homeostasis, as well as their associations with a broad
spectrum of vascular surrogate markers, ranging from subclinical
atherosclerosis to overt vascular calcification, in CKD patients.

MATERIALS AND METHODS

Ethics Statement
Approval for the study was obtained from the institutional
review board (Comité de Ética Regional de Investigación Clínica,
reference PI17/02181) in compliance with the Declaration of
Helsinki. All participants gave a written informed consent prior
to their inclusion in the study.

Study Participants
Our study involved 33 CKD stage 5 patients undergoing
peritoneal dialysis (CKD5-PD) recruited from the Peritoneal
Dialysis Outpatient Clinic [Unidad de Gestión Clínica de
Nefrología, Hospital Universitario Central de Asturias
(HUCA), Spain]. A group of 15 individuals with normal
renal function from the general population were recruited
as healthy controls (HCs). Additionally, 16 CKD stage 5
patients on hemodialysis (CKD5-HD) (Hemodialysis Outpatient
Clinic, HUCA) and six HCs were independently recruited as a
replication cohort (Supplementary Table 1). Exclusion criteria
were immunosuppressive treatment, pregnancy, diagnosis of
immune-mediated disease, cancer or diabetes mellitus, recent
(<3 months) or current infections, previous CV disease,
abdominal aneurysm or intermittent claudication, or previous
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carotid surgery. The burden of traditional CV risk factors was
assessed by the SCORE algorithm (low-risk charts) according to
the European Society of Cardiology (ESC) guidelines (21). The
SCORE algorithm integrates information about total cholesterol
levels, blood pressure (systolic), smoking status, age, and gender,
hence deriving an estimated figure of CV risk (10-year risk
for fatal CV). The estimated risk is used in clinical practice to
stratify patients [based on ESC guidelines (21)] into categories
of risk for preventive pharmacological and non-pharmacological
interventions. The SCORE algorithm has been validated in
European real-world populations.

Blood samples were obtained by venipuncture (during
a clinical appointment before dialysis). Automated serum
biochemical parameters, lipid analysis, and complete blood
counts were performed on all the participants at the Laboratorio
de Medicina (HUCA) by means of routine laboratory methods.
Serum samples were stored at−80◦C until further analyses.

Analysis of Peripheral Blood Mononuclear
Cells
Peripheral blood samples were immediately processed to
obtain peripheral blood mononuclear cells (PBMCs) by
centrifugation (1,900 rpm, 20min) on density gradients
(Lymphosep, Biowest, Germany).

The analysis of PBMCs was performed by flow cytometry.
First, PBMCs were treated with FcR Blocking Reagent (Miltenyi
Biotec, Germany) for 20min at 4◦C to avoid unspecific
antibody FcR binding. Then, cells were incubated with
CD14 FITC (Immunostep, Spain), CD16 APC-Cy7 (BioLegend,
Germany), and ACE APC (Miltenyi Biotec) or CD3 PerCP-
Cy-5, 5 (Tonbo Biosciences, Belgium), CD184 PE-Cy7 (BD
Biosciences, Germany), CD31 FITC (BD Biosciences), CD4 PE
(Immunostep), and CD28 APC-Cy7 (Thermo Fischer, Germany)
or corresponding isotype antibodies for 30min at 4◦C protected
from light. Next, cells were washed twice with PBS and analyzed
by flow cytometry [FACS Canto II (BD Biosciences) with FACS
Diva 6.5 software].

Then, “live gate” excluding debris and no cellular events
was designed. Lymphocyte and monocyte regions were defined
according to their forward scatter (FSC)/side scatter (SSC)
features. Gating was performed based on the signal provided
by the isotype controls (Supplementary Figure 1). Tang were
defined as previously described (9). In brief, lymphocytes
were evaluated for CD3 expression, and those CD31+CD184+

within the CD3+ gate were considered Tang. Tang were
further subdivided into CD4+Tang and CD8+ Tang subsets
(Figure 1A). CD3+ cells were evaluated for CD4 and CD8
expression, and CD4+ cells lacking CD28 expression were
defined as CD4+CD28null cells (22) (Figure 1A). For the
analysis of monocytes, events contained in the monocyte
region (FSC/SSC) were evaluated for their CD14 and CD16
expression, and subsets were defined as follows: classical
(CD14+CD16−), intermediate (CD14+CD16+), and non-
classical (CD14lowCD16+) monocytes. All monocytes were
contained within the FSC/SSC-defined monocyte region.
Moreover, no lymphocytes were foundwithin this region, as these

cells were all characterized by a CD14− expression (Figure 2A).
No monocytes were observed within the lymphocyte gate
either. Finally, ACE expression was evaluated in the whole
monocyte region as well as in each of the different monocyte
subsets; ACE+ events within each population were calculated
(Figure 2A). Absolute levels were computed by applying the
lymphocyte/monocyte counts obtained in the automated blood
cell counts.

Quantification of Circulating Cytokines
Circulating interleukin (IL)-10, IL-6, IL-2, tumor necrosis
factor (TNF)α and interferon (IFN)γ levels were measured
in serum samples using a bead-based multiplex assay
(BiolegendPlex, BioLegend), following the protocol provided
by the manufacturer. Samples were analyzed in a FACS Canto
II flow cytometer (BD Biosciences) under FACS Diva 6. The
detection limits were 1.2 pg/ml (IL-10 and IL-2) or 2.4 pg/ml
(IL-6, TNFα and IFNγ).

Angiotensin-Converting Enzyme Gene
Expression Analysis
The gene expression of ACE was analyzed in total RNA
extracted from PBMCs by using TRI reagent (Sigma-Aldrich).
After reverse transcription using a High-Capacity cDNA Reverse
Transcription Kit (Applied Biosystems), quantitative real-time
PCR (qPCR) reactions were performed in triplicate using the
Stratagene Mx3005P QPCR System (Agilent Technologies),
Fast Start Universal Probe Master (Roche), and pre-developed
assays for qPCR [ACE: Hs00174179_m1 and glyceraldehyde 3-
phosphate dehydrogenase (GAPDH): Hs99999905_m1; Thermo-
Fisher Scientific]. ACE expression was quantified as relative units
to GAPDH expression by comparing threshold cycles using the
11Ct method.

Surrogate Vascular Outcomes
Abdominal aortic calcification [Kauppila Index (KI)] was
quantified in lateral lumbar X-rays. Carotid–femoral pulse wave
velocity (PWV) was measured using Complior Analyze (ALAM
Medical) according to the manufacturer’s instructions. Results
are the average of three optimal measurements.

B-mode ultrasound was performed by an experienced
radiologist using a Toshiba-Aplio XG machine (Toshiba
American Medical Systems). To evaluate left carotid intima-
media thickness (cIMT) as well as carotid and femoral plaque
presence (either cIMT >1.5mm or a focal thickening going over
into the arterial lumen by at least 50% of the surrounding cIMT
value) (23), all subjects, laid in a supine position, underwent a
prior axial examination of the extracranial carotid artery followed
by a longitudinal exploration.

Plaques were described by number, location, dimension,
echogenicity, and homogeneity (stable and unstable).

Adventitial vasa vasorum (aVV), the plexus of microvessels
surrounding the adventitial layer, were quantified following a
similar strategy to that validated by Arcidiacono et al. (24) but
avoiding the use of a contrast agent. Indeed, the very sensitive
Superb Microvascular Imaging Ultrasound (Toshiba Aplio 500),
designed for the detection of small-diameter blood vessel flow,
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FIGURE 1 | Analysis of novel T-cell subsets in chronic kidney disease (CKD). (A) Gating strategy for the identification and quantification of CD3+, CD4+, CD8+,

angiogenic T cells (Tang), CD4+Tang, CD8+Tang, and CD4+CD28null subsets by flow cytometry. Dot-plots are shown from a representative patient. Gating was based

on isotype controls (Supplementary Figure 1). (B) Tang (g = 1.92) and (C) CD4+CD28null (g = 2.10) levels were compared between healthy control (HC) (open dots)

and chronic kidney disease stage 5 patients undergoing peritoneal dialysis (CKD5-PD) (black dots). (D) Association between Tang levels and those of serum Troponin

T in CKD5-PD. Correlation was assessed by Spearman’s rank test. (E) Association between CD4+CD28null cells and presence of vascular calcification (VC) (g = 1.62).

In scatter plots, each dot represents one individual. Upper and lower bars represent 75th and 25th percentiles, and medium bars correspond to the median values.

Differences between groups were assessed by Mann–Whitney U tests, and size effects were calculated with Hedge’s g statistic.

was used. Vasa vasorum density was quantified in the left carotid
artery and, for the first time, in the femoral arteries of HC and
CKD5-PD (Supplementary Figure 2). The ImageJ program was
used for the quantification of aVV density of the adventitial
vessels, identified by an experienced radiologist, as depicted in
representative Supplementary Figure 2. All surrogate vascular
measurements were performed by an operator blinded to the
study participants.

Statistical Analyses
Continuous variables were expressed as median [interquartile
range (IQR)] or mean ± standard deviation according to
the distribution of the variables. Categorical variables were
summarized as n (%). Differences between groups were assessed
by Mann–Whitney U tests or Student T tests, as appropriate.
Hedge’s g statistic was calculated in order to evaluate size effects
(values g > 0.6 and g > 0.80 were considered of medium effect
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FIGURE 2 | Analysis of monocyte subsets and angiotensin-converting enzyme (ACE) expression in chronic kidney disease (CKD). (A) Gating strategy for the

identification and quantification of monocyte subsets and their ACE expression. Dot-plots are shown from a representative patient. Monocytes were initially gated from

their forward scatter (FSC)/side scatter (SSC) properties (MO gate). Monocytes were not contained within lymphocytes (L gate), which was only composed of CD14−

cells. (B) Intermediate (g = 0.91) and classical (g = 0.72) monocyte subsets were found to be altered in chronic kidney disease stage 5 patients undergoing peritoneal

dialysis (CKD5-PD) (black dots) compared to healthy controls (HCs) (open dots). (C) Association between intermediate monocyte levels and those of serum interferon

(IFN)γ in CKD5-PD. (D) The expression of ACE within the total monocyte gate was analyzed by flow cytometry (A), and increased expression was observed in

CKD5-PD (g = 0.90). This was confirmed by gene expression analysis on peripheral blood mononuclear cells (PBMCs) [(E), g = 0.63]. (F) The ACE expression was

further evaluated on each monocyte subset and compared between HC (open dots) and CKD5-PD (black dots) (non-classical, g = 0.95, and intermediate, g = 1.25).

(G) Association between ACE+ intermediate monocyte and IFNγ serum levels in CKD5-PD. In scatter plots, each dot represents one individual. Upper and lower bars

represent 75th and 25th percentiles, and medium bars correspond to the median values. Differences between groups were assessed by Mann–Whitney U tests, and

size effects were calculated with Hedge’s g statistic. Correlations were assessed by Spearman’s rank test.
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and large effect, respectively) (25). The associations between
continuous variables were evaluated by correlations (Spearman’s
rank test) or linear regression models, either univariate or
multivariate adjusted by confounders. B coefficients and 95%
confidence intervals (CIs) were computed. A p-value < 0.050
was considered statistically significant. Statistical analyses were
performed with SPSS 24.0 and GraphPad Prism 8.0 forWindows.

RESULTS

Novel T-Cell Subsets in Chronic Kidney
Disease
A total of 33 CKD5-PD and 15 HCs were recruited for
this study (Table 1). Tang (CD3+CD31+CD184+) levels in
peripheral blood were evaluated by flow cytometry, and a highly
significant lower Tang frequency was observed in CKD5-PD
(Figure 1B). No differences were found in the frequency of
CD4+ [46.55% (21.07) vs. 48.66% (19.45), p = 0.518] and
CD8+ subsets [42.20% (21.01) vs. 41.09% (18.16), p = 0.258]
within the Tang pool between patients and controls. As a
consequence, both CD4+Tang [1.88% (1.16) vs. 3.43% (1.80),
p < 0.001, g = 1.82] and CD8+Tang [2.02% (0.88) vs. 3.11%
(1.72), p < 0.001, g = 1.15] were found to be decreased in
CKD5-PD. Moreover, CD4+CD28null cells were also evaluated,
and CKD5-PD exhibited amarked increase in this cell population
compared to HC (Figure 1C). These differences were maintained
when evaluated within the total lymphocyte region [Tang: 1.68%
(1.05) vs. 3.38% (1.44), p < 0.001, g = 0.92; and CD4+CD28null:
9.06% (4.16) vs. 5.09% (2.52), p < 0.001, g = 1.10]. Importantly,
equivalent results were observed when the absolute levels were
computed [Tang: 2.38 (2.29) vs. 7.00 (4.99)·103/µl, p < 0.001,
g = 2.30; CD4+CD28null: 11.65 (8.83) vs. 5.82 (10.34)·103/µl,
p = 0.035, g = 0.70]. Similarly, no differences were observed
in the CD3+ [HC: 46.25% (17.39) vs. CKD: 42.26% (29.55),
p= 0.447), CD4+ (61.86% (12.55) vs. 60.99% (14.81), p= 0.645]
or CD8+ subsets [33.86% (12.95) vs. 34.85% (12.00), p= 0.800].

Next, in order to gain insights into the origin of these
alterations, their associations with laboratory parameters and
clinical features were analyzed. Whereas, Tang levels were
associated with those of total cholesterol (r =−0.665, p= 0.005)
and low-density lipoprotein (LDL) cholesterol (r = −0.372,
p = 0.021) in HC, these associations were not found in
patients (r = −0.037, p = 0.853 and r = −0.203, p = 0.301,
respectively). Interestingly, Tang levels showed an inverse
correlation with serum troponin T (TnT) concentration in
CKD5-PD (Figure 1D). Regarding CD4+CD28null cells, patients
with vascular calcifications exhibited higher levels of this
subset than their calcification-free counterparts (Figure 1E). No
associations were observed for Tang or CD4+CD28null cells
with the rest of biochemical parameters examined in either
HCs or patients [all p > 0.050, or with time on dialysis or
medications in patients (all p > 0.050)]. Glucocorticoid usage
was not observed to have an effect on these subpopulations
(Tang: p = 0.356, CD4+CD28null: p = 0.239). Excluding
patients under glucocorticoid treatment yielded equivalent
results. Similarly, no associations were observed between Tang

or CD4+CD28null cells with the levels of circulating cytokines
(Supplementary Tables 1, 2).

Finally, we recruited a replication cohort consisting of
16 CKD5-HD and six age- and gender-matched controls
(Supplementary Tables 3, 4) in order to validate our results. The
independent analysis of this cohort confirmed the differences
observed in peritoneal dialysis patients for these cell subsets
(Supplementary Figure 2). No major differences in blood cell
counts and clinical parameters were observed between CKD5-
HD and their peritoneal dialysis counterparts.

These results suggest that CKD is hallmarked by distinct
alterations of T-cell subsets.

Monocyte Subsets and
Angiotensin-Converting Enzyme
Expression
The analysis of monocyte subsets (Figure 2A) revealed an
increased frequency of intermediate monocytes in CKD5-PD
at the expense of a reduction in the classical group compared
to HC (Figure 2B). Equivalent results were observed when
absolute levels were calculated [intermediate: 7.67 (5.61) vs. 3.89
(3.71)·103/µl, p < 0.001, g = 0.89; classical: 31.22 (17.88) vs.
42.18 (18.35)·103/µl, p = 0.035, g = 0.62; non-classical: 3.90
(4.10) vs. 4.10 (2.28)·103/µl, p= 0.696]. Intermediate monocytes
were found to be positively correlated with IFNγ serum levels
(Figure 2C), whereas no other associations were observed
with the rest of cytokines analyzed. No effect was observed
for medications (all p > 0.050), including glucocorticoids
(intermediate: p = 0.128, classical: p = 0.318, non-classical:
p = 0.564). Excluding patients under glucocorticoid treatment
yielded equivalent results.

Additionally, the surface expression of ACE was analyzed in
monocytes. Monocytes from CKD5-PD exhibited an increased
ACE expression (Figure 2D). This increase was confirmed at
the gene expression level by RT-PCR (Figure 2E). Interestingly,
the ACE expression was not uniform within the monocyte
pool, but differences were noted among subsets. It was mainly
expressed by intermediate and non-classical monocytes, whereas
their classical counterparts exhibited a negligible expression
(Figure 2A). Moreover, increased expression was observed in
CKD5-PD compared to controls in both intermediate and
non-classical subsets compared to HC (Figure 2F). Of note,
ACE expression (analyzed by flow cytometry) on intermediate
monocytes was found to be positively correlated with IFNγ serum
levels (Figure 2G).

Furthermore, equivalent analyses were performed in
our replication cohort, and similar results were obtained
(Supplementary Figure 3).

All these findings suggest that quantitative and qualitative
differences characterize the monocyte pool in CKD patients,
linked at least in part to IFNγ levels.

Novel Immune Cell Subsets and Vascular
Surrogate Markers
Next, vascular surrogate markers (including aVV, PWV,
cIMT) and Kauppila scores were measured in 17 CKD5-PD
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TABLE 1 | Demographical, laboratory, and clinical parameters of individuals recruited for this study.

HC (n = 15) CKD5-PD (n = 33) P-value

Age, years, mean (range) 48.00 (22.00–68.00) 55.00 (21.00–77.00) 0.070

Sex, women/men 10/5 13/20 0.080

Laboratory parameters

Albumin, mg/dl 44.17 ± 1.95 34.37 ± 4.35 <0.001

Urea, mg/dl 33.46 ± 8.08 132.66 ± 43.76 <0.001

Creatinine, mg/dl 0.78 ± 0.17 7.81 ± 2.72 <0.001

Plasma Ca, mmol/l 2.34 ± 0.07 2.17 ± 0.16 <0.001

Plasma phosphate, mmol/l 1.04 ± 0.18 1.64 ± 0.42 <0.001

PTH, pg/ml 49.60 ± 15.52 371.03 ± 198.61 <0.001

Total cholesterol, mg/dl 202.25 ± 49.20 159.32 ± 40.28 0.005

HDL cholesterol, mg/dl 67.63 ± 13.14 59.00 ± 24.52 0.017

LDL cholesterol, mg/dl 113.00 ± 38.38 74.71 ± 38.56 0.002

Triglycerides, mg/dl 65.53 ± 25.54 131.82 ± 75.33 0.003

25(OH)-vitamin D, ng/ml 32.93 ± 15.38 10.10 ± 6.89 <0.001

CRP, mg/dl 0.14 ± 0.07 0.64 ± 0.86 0.002

Troponin T, ng/l 5.33 ± 3.45 61.48 ± 41.82 <0.001

Blood cell counts (103/µl) median (IQR)

Leukocytes 5.67 (2.06) 6.25 (3.59) 0.380

Neutrophils 2.94 (1.15) 3.52 (2.27) 0.075

Lymphocytes 1.96 (0.91) 1.22 (0.85) 0.022

Monocytes 0.44 (0.19) 0.56 (0.23) 0.071

Eosinophils 0.11 (0.10) 0.23 (0.20) 0.002

Basophils 0.04 (0.02) 0.05 (0.05) 0.109

Clinical features

Vascular calcifications, n (%) 18 (54.5)

Kauppila score 7.88 ± 8.98

Time on dialysis, months (median (IQR) 15.00 (16.00)

Systolic blood pressure, mm Hg 133.88 ± 16.04

Diastolic blood pressure, mm Hg 81.05 ± 10.70

Treatments, n (%)

Paricalcitol 15 (45.4)

Phosphate binders 18 (54.5)

Statins 21 (63.6)

Methylprednisolone‡ 9 (27.22)

Epo 24 (72.7)

Variables were summarized as mean ± SD or n (%), unless otherwise stated. Differences were assessed by Student t tests, Mann–Whitney U tests, or χ2 tests, as appropriate. ‡ 8/9

patients were under low-dose glucocorticoids (<5 mg/day).

CKD5-PD, chronic kidney disease stage 5 patients undergoing peritoneal dialysis; CRP, C-reactive protein; HC, healthy control; HDL cholesterol, high-density lipoprotein cholesterol;

IQR, interquartile range; LDL cholesterol, low-density lipoprotein cholesterol.

and 14 HCs. No differences in demographical, clinical,
medications, or blood counts were observed between patients
with and without vascular assessments, thus indicating that
the subset analyzed was representative of the whole population
(Supplementary Table 5). Of note, patients exhibited higher
carotid aVV expansion and a trend in femoral location, together
with higher PWV and cIMT values than HCs (Table 2).

In order to evaluate whether immune cell populations
could be regarded as biomarkers of subclinical CV endpoints,
correlations with these assessments were performed (Table 3).
Interestingly, Tang were strongly correlated with aVV and PWV
measurements. Importantly, these associations were maintained

after correcting for the effect of traditional CV risk factors
(Table 4). On the other hand, CD4+CD28null cells were found
to be associated with cIMT and Kauppila score (Table 3). This
association was maintained [β (95% CI), p= 0.883 (0.357, 1.409),
p = 0.003] in a multivariate model after adjusting for traditional
CV risk factors (entered as the SCORE) and time on dialysis as
confounders. Finally, intermediate monocytes were correlated to
PWV and vascular calcification (Table 3), although correlations
were observed to be weaker than those of T-cell subsets. These
associations were not observed after controlling for confounders
(both p > 0.050). Of note, no associations with other T-cell
subsets (CD3+, CD4+, or CD8+) or leukocyte subsets were
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TABLE 2 | Vascular surrogate markers in CKD and HC.

HC (n = 14) CKD5-PD (n = 17) P-values

Carotid aVV, number (n

vasa)

0.00 (2.00) 3.00 (7.00) <0.050

Carotid aVV, area (%

mm2/mm)

0.00 (2.16) 2.61 (8.84) 0.023

Femoral aVV, number

(n vasa)

0.00 (1.25) 1.00 (3.50) 0.245

Femoral aVV, area (%

mm2/mm)

0.00 (1.57) 0.89 (4.67) 0.121

PWV, m/s 7.20 (1.38) 8.70 (2.82) 0.008

cIMT, mm 0.60 (0.20) 0.75 (0.32) 0.045

Variables were summarized as median (interquartile range) and compared by Mann–

Whitney U tests.

aVV, adventitial vasa vasorum; cIMT, carotid intima-media thickness; CKD5-PD, chronic

kidney disease stage 5 patients undergoing peritoneal dialysis; HC, healthy control; PWV,

pulse wave velocity.

observed (Supplementary Table 6), thus ruling out a potential
confounding effect and emphasizing the specific role of the
previous cell populations in vascular repair.

Taken together, distinct altered immune cell populations are
related to different vascular surrogate outcomes in CKD. Tang
were independently associated with subclinical atherosclerosis
and vascular functionality even after adjusting for traditional
risk factors.

DISCUSSION

Although systemic inflammation has been described to
contribute to vascular outcomes in CKD, the exact mediators
are yet to be characterized. A growing body of evidence
has identified novel immune cell subsets that play a role in
vascular homeostasis and damage in different scenarios. CKD
patients suffer a profound vascular deterioration, with different
mechanisms being involved. Delineating the associations of the
different immune mediators with the distinct adverse vascular
scenarios is of major interest. In the present study, we addressed
the analysis of some of these immune cell subsets in CKD. Our
findings revealed marked alterations within T cells subsets,
hallmarked by a Tang decrease and elevated CD4+CD28null cells,
as well as within the monocyte pool, characterized by a shift
toward CD16+ subsets and enhanced ACE expression. These
alterations exhibited distinct associations with vascular outcomes
in patients under peritoneal dialysis, Tang depletion being related
to a poor vascular functionality and subclinical atherosclerosis,
whereas senescent CD4+ T cells were associated with overt
vascular wall thickening and calcification. Of note, these
alterations were found in CKD5 patients undergoing peritoneal
or hemodialysis compared to their control populations, thus
suggesting that these phenomena may be related to the CKD
stage itself. To the best of our knowledge, this is the first study
not only to present a joint characterization of these subsets in
CKD but also to evaluate their associations with a broad range of
surrogate vascular outcomes in this condition.

One of the most remarkable findings of our work was the
analysis of the Tang population. Tang are known to carry
out vascular protective actions (6), and Tang depletion has
been linked to CV outcomes in several immune-mediated
conditions (7–11). The results herein presented expand the
current knowledge in a two-fold manner. First, Tang depletion
was observed beyond autoimmunity, hence strengthening the
role of Tang as potential mediators of vascular homeostasis
in a broad range of disorders, rather than being an immune
disease-specific mechanism. Importantly, both CD4+ and CD8+

Tang subsets were found to be diminished, pointing to a strong
quantitative effect on the Tang subset rather than a qualitative
effect within the Tang composition. Second, decreased Tang have
been linked to subclinical CV disease surrogate markers (aVV
and PWV), that is, with the first signs of vascular impairments,
but not with more advanced vascular traits (such as vascular
calcification). In fact, in healthy individuals with zero risk for the
classical atherosclerotic risk factors, left carotid aVV increased
with age, the natural determinant of a higher prevalence of
atheromatous lesions, in parallel with increases in cIMT within
the normal range, thus supporting the accuracy and sensitivity
of aVV as an earlier marker of subclinical atherosclerosis (24).
Furthermore, in experimental hypercholesterolemia, increases
in the density of coronary aVV precede epicardial endothelial
dysfunction (26). Accordingly, type 2 diabetic patients present a
higher left carotid adventitial neovascularization when compared
to controls, with the highest aVV density in patients with
retinopathy (angiogenesis) despite similar cIMT (27). Also,
increases in aVV and in cIMT also occur in the right carotid
artery of CKD stages 3–4 and dialysis patients with higher
neovascularization at the earlier CKD stages (28).

Similarly, PWV is a well-established early marker of arterial
stiffness (29). Since CKD patients exhibited both atherosclerosis
and arteriosclerosis (30, 31), finding a mediator linked to
the subclinical stage of both processes is of major relevance.
Furthermore, this is supported by the strong association with
TnT levels in CKD, a well-known biomarker of subclinical CV
damage with predictive ability in CKD (32, 33). Therefore, a role
for Tang to stratify CV risk may be considered. Interestingly,
aVV expansion has been reported to be dependent on hypoxia-
inducible factor (HIF)-1 and vascular endothelial growth factor
(VEGF) production (34, 35), these molecules being also linked
to Tang mobilization (6). Importantly, current literature points
to an association between aVV sprouting and T-cell adventitial
accumulation, rather than monocytes or other subsets (36–38).
These notions are in line with our findings comparing the distinct
vascular surrogate markers. Taken together, these results may
point to Tang as potential biomarkers of subclinical vascular
impairment in CKD.

Furthermore, Tang depletion was not associated with the
burden of traditional CV risk factors, and they were confirmed
to be independent predictors of vascular surrogate markers.
Therefore, this reinforces the idea that Tang could provide
additional information as biomarkers. This is further supported
by the fact that Tang depletion seemed to be a uniform
observation in CKD patients, that is, linked to the disease itself
and not to specific disease features. Since current algorithms
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TABLE 3 | Associations between subclinical CV outcomes and immune cell subsets in CKD5-PD.

Number of neovasa

(carotid)

Number of neovasa

(femoral)

aVV area

(carotid)

aVV area

(femoral)

PWV cIMT Kauppila

T cells

Tang (%

lymphocytes)

r = −0.640

p = 0.006

r = −0.194

p = 0.456

r = −0.813

p < 0.001

r = −0.542

p = 0.025

r = −0.734

p < 0.001

r = −0.029

p = 0.921

r = −0.359

p = 0.060

CD4+CD28null (%

lymphocytes)

r = 0.333

p = 0.192

r = 0.088

p = 0.737

r = 0.395

p = 0.117

r = 0.395

p = 0.117

r = 0.435

p = 0.093

r = 0.566

p = 0.035

r = 0.581

p < 0.001

Monocytes

Non-classical (%

monocytes)

r = 0.286

p = 0.265

r = −0.325

p = 0.203

r = 0.505

p = 0.039

r = 0.069

p = 0.794

r = 0.271

p = 0.310

r = −0.237

p = 0.415

r = 0.217

p = 0.258

ACE+

Non-classical (%

non-classical)

r = −0.123

p = 0.637

r = −0.085

p = 0.744

r = −0.114

p = 0.662

r = −0.040

p = 0.879

r = 0.055

p = 0.841

r = 0.059

p = 0.842

r = −0.214

p = 0.266

Intermediate (%

monocytes)

r = 0.294

p = 0.252

r = 0.167

p = 0.522

r = 0.472

p = 0.086

r = 0.378

p = 0.135

r = 0.576

p = 0.020

r = 0.171

p = 0.558

r = 0.388

p = 0.037

ACE+ intermediate

(% intermediate)

r = 0.158

p = 0.545

r = −0.166

p = 0.106

r = 0.406

p = 0.106

r = 0.159

p = 0.542

r = 0.175

p = 0.516

r = −0.183

p = 0.532

r = 0.017

p = 0.930

Classical (%

monocytes)

r = −0.299

p = 0.243

r = 0.065

p = 0.804

r = −0.559

p = 0.043

r = −0.345

p = 0.174

r = −0.473

p = 0.064

r = 0.088

p = 0.765

r = −0.279

p = 0.142

ACE+ classical (%

classical)

r = 0.257

p = 0.319

r = −0.013

p = 0.961

r = 0.262

p = 0.310

r = 0.148

p = 0.572

r = 0.251

p = 0.349

r = −0.083

p = 0.777

r = 0.326

p = 0.090

Correlations were assessed by Spearman’s rank tests. Correlations reaching statistical significance were highlighted in bold.

ACE, angiotensin-converting enzyme; aVV, adventitial vasa vasorum; cIMT, carotid intima-media thickness; CKD5-PD, chronic kidney disease stage 5 patients undergoing peritoneal

dialysis; CV, cardiovascular; PWV, pulse wave velocity; Tang, angiogenic T cells.

TABLE 4 | Tang as predictors of subclinical CV outcomes.

Number of neovasa

(carotid)

Number of neovasa

(femoral)

aVV area

(carotid)

aVV area

(femoral)

PWV

Univariate

Tang −0.505 (−2.281, −0.485)

p = 0.004

−0.293 (−1.085, 0.116)

p = 0.110

−0.523 (−3.819, −0.862)

p = 0.003

−0.466 (−2.936, −0.477)

p = 0.008

−0.663 (−1.40, −0.682)

p < 0.001

Multivariate

Tang −0.662 (−6.309, −0.582)

p = 0.022

0.161 (−1.290, 2.263)

p = 0.566

−2.313 (−10.870, −0.409)

p = 0.036

−0.393 (−6.963, −0.010)

p = 0.048

−0.437 (−3.390, −0.141)

p = 0.010

SCORE −0.270 (−2.055, 0.702)

p = 0.310

0.540 (−0.071, 1.640)

p = 0.069

0.025 (−2.404, 2.633)

p = 0.924

0.411 (−0.258, 3.423)

p = 0.086

0.368 (−0.241, 1.545)

p = 0.139

The associations between Tang frequency and subclinical CV outcomes were analyzed by linear regression in univariate or multivariate models adjusted for the burden of traditional CV

risk factors (entered as the SCORE). The unstandardized regression coefficient (B) and (95% CI) with the corresponding p-values were computed.

aVV, adventitial vasa vasorum; CV, cardiovascular; PWV, pulse wave velocity; Tang, angiogenic T cells.

solely based on traditional risk factors fail to achieve an
appropriate risk stratification in CKD (39–41), these findings
may support the use of Tang as an additional instrument in
the clinical setting. Larger studies to explore the ability of
Tang to reclassify CKD patients to appropriate risk categories
are warranted.

Additionally, the analysis of T-cell subsets revealed that
CKD patients were hallmarked by a CD4+CD28null expansion.
This subset was strongly correlated with the extent of
vascular calcification, whereas no associations with subclinical
features were noted. Interestingly, CD4+CD28null are terminally
differentiated cells that result from a cumulative T-cell activation,
leading to T cells exhaustion (42, 43). As a consequence,
they are originated after a long exposure to pro-senescent

stimuli. This notion may underlie their association with vascular
calcification, as it is the result of an evolutive, cumulative process,
thus supporting their association with a harder endpoint than
subclinical vascular outcomes, as observed for Tang.

Taken together, these lines of evidence highlight that T cells
may act as a double-edged sword for vascular outcomes in
inflammatory conditions. Despite being highly heterogeneous,
T cells have been largely considered to prompt vascular impair
or endothelial damage progression. The observation that early
T-cell accumulation precedes vascular lesions further supported
this idea. However, the findings from our group (8, 9) and others
(7, 10, 44) support the existence of T cell-mediated protective
mechanisms for vascular homeostasis. Disruptions of these
mechanisms or an altered balance with the deleterious effects
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mediated by other T-cell populations may explain the occurrence
of vascular events (45). Then, the role of T cells in this scenario
may be more complex than initially conceived. Consequently,
the protective effects of some T-cell subsets may be taken into
account, especially when the use of immunomodulating agents
is considered.

Of note, despite our results showing profound changes
in monocyte subsets in CKD patients, only intermediate
monocytes were related to vascular surrogate markers, such
correlations being weaker than those retrieved for T cells and
being interfered by potential confounders. These results may
sound counterintuitive, since monocytes are pivotal for the
development of some vascular events. Moreover, the lack of
association with clinical features leads us to think that monocyte
alterations may be related to the immunopathogenesis of the
CKD itself, rather than to vascular outcomes. Interestingly, the
notion that a Th1 predominance has been documented in CKD
(46, 47) aligns with this point. The fact that the disturbances of
the circulating monocytes seemed to be homogeneous across all
patients independently of clinical features (even between dialysis
modalities) prompted us to hypothesize that these alterations
may appear earlier in the continuum of CKD stages, thus being
a common trait of its pathogenesis. This may explain why
these changes were so consistent across individuals. Importantly,
animal models have also confirmed an early shift in monocyte
subsets during the initial steps leading to CKD (48). Therefore, it
may be conceivable that monocytes become activated in previous
stages, thus eliciting an inflammatory response by activating
adaptive responses at a later stage. Emerging evidence supports
this “progressive” model, with an initial involvement of innate
pathways that fuel an aberrant activation of adaptive responses
in the final phases of CKD. These lines of evidence may account
for the lack of associations between monocyte disturbances and
vascular outcomes in CKD stage 5.

In conclusion, novel immune cell subsets are related to
vascular surrogate markers in CKD patients. T cells emerge
as double-edged swords in the associations between vascular
outcomes and CKD, with Tang depletion being associated
with poor vascular functionality and subclinical atherosclerosis,
whereas CD4+CD28null were related to calcification. On the
contrary, profound quantitative and qualitative changes were
found within the monocyte compartment, but only intermediate
monocytes were slightly related to vascular outcomes in
univariate analyses. Our proof-of-concept study suggested for
the first time a potential role for Tang in CKD, hence paving
the ground for functional studies to unveil the mechanisms
underlying Tang depletion in CKD. However, this study comes
with some limitations that should be remarked, including
reduced sample size and cross-sectional design. Our patient
population was homogeneous and reflected a real-world CKD
population undergoing dialysis. However, patients with diabetes
were excluded due to the autoimmune background, which might
have a differential effect on these populations, independently
of that of the CKD. Further studies with appropriate control
populations are needed to evaluate whether the alterations herein
reported could be observed in diabetic CKD patients. The
inclusion of an independent validation cohort strengthens the

consistency of our findings. It must be noted that our study
found validation in the independent comparisons of each CKD5
cohort with its respective control group, but no comparisons
were made between dialysis modalities, as this felt beyond the
study aims. Having found a similar picture in these analysis, our
findings could be considered to be a general effect of the CKD
stage itself, although a potential effect of the dialysis modality
should not be ruled out. However, whether these alterations
may be extended to other CKD stages needs to be confirmed
in future studies. Similarly, whether dialysis modality may
influence these alterations cannot be addressed in the present
study. Importantly, the findings related to the vascular outcomes
were only analyzed in patients undergoing PD, so it remains
unclear whether these results can be transferred to patients
under hemodialysis. Furthermore, larger, long-term prospective
studies are warranted to evaluate whether these subsets could
be considered predictive biomarkers that could assist in the
clinical setting.
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18. Ryu JH, Vuk-Pavlović Z, Rohrbach MS. Monocyte heterogeneity

in angiotensin-converting enzyme induction mediated by

autologous T lymphocytes. Clin Exp Immunol. (1992) 88:288–94.

doi: 10.1111/j.1365-2249.1992.tb03075.x

19. Cao D-Y, Saito S, Veiras LC, Okwan-Duodu D, Bernstein EA, Giani JF,

et al. Role of angiotensin-converting enzyme in myeloid cell immune

responses. Cell Mol Biol Lett. (2020) 25:31. doi: 10.1186/s11658-020-

00225-w

20. Rogacev KS, Heine GH. Human monocyte heterogeneity–a nephrological

perspective.Néphrol Thér. (2010) 6:219–25. doi: 10.1016/j.nephro.2010.01.008

21. Piepoli MF, Hoes AW, Agewall S, Albus C, Brotons C, Catapano AL, et al.

European Guidelines on cardiovascular disease prevention in clinical practice.

Eur Heart J. (2016)37:2315–81.

22. Rodríguez-Carrio J, Alperi-López M, López P, Alonso-Castro S, Ballina-

García FJ, Suárez A, TNFα polymorphism as marker of immunosenescence

for rheumatoid arthritis patients. Exp Gerontol. (2015) 61:123–9.

doi: 10.1016/j.exger.2014.12.009

23. Touboul P-J, Hennerici MG, Meairs S, Adams H, Amarenco P, Bornstein

N, et al. Mannheim carotid intima-media thickness consensus (2004–2006).

Cerebrovasc Dis. (2007) 23:75–80. doi: 10.1159/000097034

24. Arcidiacono MV, Rubinat E, Borras M, Betriu A, Trujillano J, Vidal T, et al.

Left carotid adventitial vasa vasorum signal correlates directly with age and

with left carotid intima-media thickness in individuals without atheromatous

risk factors. Cardiovasc Ultrasound. (2015) 13:20. doi: 10.1186/s12947-015-

0014-7

25. Nakagawa S, Cuthill IC. Effect size, confidence interval and statistical

significance: a practical guide for biologists. Biol Rev. (2007) 82:591–605.

doi: 10.1111/j.1469-185X.2007.00027.x

26. Herrmann J. Coronary vasa vasorum neovascularization precedes epicardial

endothelial dysfunction in experimental hypercholesterolemia. Cardiovasc

Res. (2001) 51:762–6. doi: 10.1016/S0008-6363(01)00347-9

27. Arcidiacono MV, Traveset A, Rubinat E, Ortega E, Betriu A,

Hernández M, et al. Microangiopathy of large artery wall: a neglected

complication of diabetes mellitus. Atherosclerosis. (2013) 228:142–7.

doi: 10.1016/j.atherosclerosis.2013.02.011

28. Arcidiacono MV, Martinez-Alonso M, Belart M, Vilar A, Martín M, Craver

L, et al. High levels of hemoglobin promote carotid adventitial vasa vasorum

neoangiogenesis in chronic kidney disease. Mediators Inflamm. (2017)

2017:1–11. doi: 10.1155/2017/3795142

29. Safar ME, London GM. Therapeutic studies and arterial

stiffness in hypertension. J Hypertens. (2000) 18:1527–35.

doi: 10.1097/00004872-200018110-00001

30. Drüeke TB, Massy ZA. Atherosclerosis in CKD: differences from the general

population. Nat Rev Nephrol. (2010) 6:723–35. doi: 10.1038/nrneph.2010.143

31. London GM, Drüeke TB. Atherosclerosis and arteriosclerosis in chronic renal

failure. Kidney Int. (1997) 51:1678–95. doi: 10.1038/ki.1997.233

32. Roos A, Bandstein N, Lundbäck M, Hammarsten O, Ljung R, Holzmann

MJ. Stable high-sensitivity cardiac troponin T levels and outcomes

in patients with chest pain. J Am Coll Cardiol. (2017) 70:2226–36.

doi: 10.1016/j.jacc.2017.08.064

33. Kanderian AS, Francis GS. Cardiac troponins and chronic kidney disease.

Kidney Int. (2006) 69:1112–4. doi: 10.1038/sj.ki.5000174

34. Kuwahara F, Kai H, Tokuda K, Shibata R, Kusaba K, Tahara N, et al.

Hypoxia-inducible factor-1α/vascular endothelial growth factor pathway for

adventitial vasa vasorum formation in hypertensive rat aorta. Hypertension.

(2002) 39:46–50. doi: 10.1161/hy1201.097200

Frontiers in Medicine | www.frontiersin.org 11 May 2021 | Volume 8 | Article 618286152

https://www.frontiersin.org/articles/10.3389/fmed.2021.618286/full#supplementary-material
https://doi.org/10.1007/s00467-008-1046-0
https://doi.org/10.1016/j.jacc.2018.08.1043
https://doi.org/10.1016/j.immuni.2017.09.008
https://doi.org/10.1002/JLB.1MIR0420-076R
https://doi.org/10.1161/CIRCULATIONAHA.107.694778
https://doi.org/10.1177/0961203318821161
https://doi.org/10.1189/jlb.5HI0215-042R
https://doi.org/10.1016/j.atherosclerosis.2019.06.749
https://doi.org/10.1161/STROKEAHA.111.632208
https://doi.org/10.1371/journal.pone.0183102
https://doi.org/10.1111/imm.12506
https://doi.org/10.1161/hc0502.103348
https://doi.org/10.4049/jimmunol.179.10.6514
https://doi.org/10.1016/j.immuni.2018.10.005
https://doi.org/10.1155/2016/1475435
https://doi.org/10.1186/s40169-014-0040-3
https://doi.org/10.1111/j.1365-2249.1992.tb03075.x
https://doi.org/10.1186/s11658-020-00225-w
https://doi.org/10.1016/j.nephro.2010.01.008
https://doi.org/10.1016/j.exger.2014.12.009
https://doi.org/10.1159/000097034
https://doi.org/10.1186/s12947-015-0014-7
https://doi.org/10.1111/j.1469-185X.2007.00027.x
https://doi.org/10.1016/S0008-6363(01)00347-9
https://doi.org/10.1016/j.atherosclerosis.2013.02.011
https://doi.org/10.1155/2017/3795142
https://doi.org/10.1097/00004872-200018110-00001
https://doi.org/10.1038/nrneph.2010.143
https://doi.org/10.1038/ki.1997.233
https://doi.org/10.1016/j.jacc.2017.08.064
https://doi.org/10.1038/sj.ki.5000174
https://doi.org/10.1161/hy1201.097200
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles


Rodríguez-Carrio et al. Vascular Immune Biomarkers in CKD

35. Mulligan-Kehoe MJ, Simons M. Vasa vasorum in normal

and diseased arteries. Circulation. (2014) 129:2557–66.

doi: 10.1161/CIRCULATIONAHA.113.007189

36. Moos MPW, John N, Gräbner R, Noßmann S, Günther B, Vollandt R, et

al. The lamina adventitia is the major site of immune cell accumulation

in standard chow-fed apolipoprotein E–deficient mice. Arterioscler

Thromb Vasc Biol. (2005) 25:2386–91. doi: 10.1161/01.ATV.0000187470.31

662.fe

37. Schwartz CJ, Mitchell JR. Cellular infiltration of the human arterial

adventitia associated with atheromatous plaques. Circulation. (1962) 26:73–8.

doi: 10.1161/01.CIR.26.1.73

38. Watanabe M, Sangawa A, Sasaki Y, Yamashita M, Tanaka-Shintani M,

Shintaku M, et al. Distribution of inflammatory cells in adventitia changed

with advancing atherosclerosis of human coronary artery. J Atheroscler

Thromb. (2007) 14:325–31. doi: 10.5551/jat.E489

39. Weiner DE, Tighiouart H, Elsayed EF, Griffith JL, Salem DN, Levey AS, et al.

The Framingham predictive instrument in chronic kidney disease. J Am Coll

Cardiol. (2007) 50:217–24. doi: 10.1016/j.jacc.2007.03.037

40. Muntner P, He J, Astor BC, Folsom AR, Coresh J. Traditional and

nontraditional risk factors predict coronary heart disease in chronic kidney

disease: results from the atherosclerosis risk in communities study. J Am Soc

Nephrol. (2005) 16:529–38. doi: 10.1681/ASN.2004080656

41. Shlipak MG, Fried LF, Cushman M, Manolio TA, Peterson D, Stehman-

Breen C, et al. Cardiovascular mortality risk in chronic kidney disease. JAMA.

(2005)293:1737. doi: 10.1001/jama.293.14.1737

42. Wherry EJ, Kurachi M. Molecular and cellular insights into T cell exhaustion.

Nat Rev Immunol. (2015) 15:486–99. doi: 10.1038/nri3862

43. Maly K, Schirmer M. The story of CD4 + CD28 – T cells revisited: solved

or still ongoing? J Immunol Res. (2015) 2015:1–11. doi: 10.1155/2015/34

8746

44. Alunno A, Ibba-Manneschi L, Bistoni O, Cipriani S, Topini F, Gerli R, et al.

Angiogenic T cells in primary Sjögren’s syndrome: a double-edged sword?

Clin Exp Rheumatol. (2019) 37 (Suppl 1):36–41.

45. Mallat Z, Taleb S, Ait-Oufella H, Tedgui A. The role of adaptive T

cell immunity in atherosclerosis: Fig. 1. J Lipid Res. (2009) 50:S364–9.

doi: 10.1194/jlr.R800092-JLR200

46. Azadegan-Dehkordi F, Bagheri N, Shirzad H, Rafieian-Kopaei M. The role

of Th1 and Th17 cells in glomerulonephritis. J Nephropathol. (2015) 4:32–7.

doi: 10.12860/jnp.2015.07

47. Kitching AR, Katerelos M, Mudge SJ, Tipping PG, Power DA,

Holdsworth SR. Interleukin-10 inhibits experimental mesangial

proliferative glomerulonephritis. Clin Exp Immunol. (2002) 128:36–43.

doi: 10.1046/j.1365-2249.2002.01793.x

48. Tecklenborg J, Clayton D, Siebert S, Coley SM. The role of the

immune system in kidney disease. Clin Exp Immunol. (2018) 192:142–50.

doi: 10.1111/cei.13119

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Copyright © 2021 Rodríguez-Carrio, Carrillo-López, Ulloa, Martín-Carro,

Rodríguez-Suárez, Naves-Díaz, Sánchez-Álvarez, Rodríguez-García, Arcidiacono,

Fernández-Mariño, Cannata-Andía, Suárez and Dusso. This is an open-access

article distributed under the terms of the Creative Commons Attribution License (CC

BY). The use, distribution or reproduction in other forums is permitted, provided

the original author(s) and the copyright owner(s) are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice.

No use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Medicine | www.frontiersin.org 12 May 2021 | Volume 8 | Article 618286153

https://doi.org/10.1161/CIRCULATIONAHA.113.007189
https://doi.org/10.1161/01.ATV.0000187470.31662.fe
https://doi.org/10.1161/01.CIR.26.1.73
https://doi.org/10.5551/jat.E489
https://doi.org/10.1016/j.jacc.2007.03.037
https://doi.org/10.1681/ASN.2004080656
https://doi.org/10.1001/jama.293.14.1737
https://doi.org/10.1038/nri3862
https://doi.org/10.1155/2015/348746
https://doi.org/10.1194/jlr.R800092-JLR200
https://doi.org/10.12860/jnp.2015.07
https://doi.org/10.1046/j.1365-2249.2002.01793.x
https://doi.org/10.1111/cei.13119
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles


MINI REVIEW
published: 26 May 2021

doi: 10.3389/fmed.2021.666973

Frontiers in Medicine | www.frontiersin.org 1 May 2021 | Volume 8 | Article 666973

Edited by:

Yiming Zhou,

Sun Yat-sen Memorial Hospital, China

Reviewed by:

Haiyong Chen,

The University of Hong Kong, China

Ying Tang,

Sun Yat-sen Memorial Hospital, China

*Correspondence:

Alex Siu Wing Chan

chansw.alex@gmail.com

Patrick Ming Kuen Tang

patrick.tang@cuhk.edu.hk

Specialty section:

This article was submitted to

Nephrology,

a section of the journal

Frontiers in Medicine

Received: 11 February 2021

Accepted: 27 April 2021

Published: 26 May 2021

Citation:

Chan ASW, Ho JMC, Li JSF, Tam HL

and Tang PMK (2021) Impacts of

COVID-19 Pandemic on

Psychological Well-Being of Older

Chronic Kidney Disease Patients.

Front. Med. 8:666973.

doi: 10.3389/fmed.2021.666973

Impacts of COVID-19 Pandemic on
Psychological Well-Being of Older
Chronic Kidney Disease Patients
Alex Siu Wing Chan 1*, Jacqueline Mei Chi Ho 2, Jane Siu Fan Li 3, Hon Lon Tam 4 and

Patrick Ming Kuen Tang 3*

1Department of Applied Social Sciences, The Hong Kong Polytechnic University, Kowloon, Hong Kong, 2 School of Nursing,

The Hong Kong Polytechnic University, Kowloon, Hong Kong, 3Department of Anatomical and Cellular Pathology, State Key

Laboratory of Translational Oncology, The Chinese University of Hong Kong, Hong Kong, China, 4 Education Department,

Kiang Wu Nursing College of Macau, Macao, China

COVID-19 pandemic has been a major global issue, its eventual influences on the

population welfare, global markets, public security, and everyday activities remain

uncertain. Indeed, the pandemic has arisen a significant global threat. Its psychological

impact is predicted to be severe and enduring, but the absolute magnitude is still

largely unclear. Chronic kidney disease (CKD) is a complication markedly contributes

to the mortality of COVID-19 cases, meanwhile several studies have demonstrated the

high frequency and seriousness of the COVID-19 in CKD patients receiving dialysis.

Importantly, the influence of COVID-19 among CKD patients without dialysis is still largely

unexplored. Thus, we systemically summarized how mental health affects the spreading

of COVID-19 to virtually worldwide, covering perspectives from several countries across

a wide range of fields and clinical contexts. This review aims to provide the latest details

and reveal potential concerns on the public health including psychological well-being of

the older patients with CKD.

Keywords: COVID-19 pandemic, psychological well-being, aging-old age-seniors, immune system, chronic kidney

disease

INTRODUCTION

Psychological well-being (PWB) is fundamentally equivalent to other phrases that apply to
desirable psychological operations, including pleasure or fulfillment. It is not essential or valuable
to consider the fundamental differences between all these phrases (1). Psychological well-being
means being on good terms with others and leading a purposeful and meaningful life (2). It
was found that people with positive psychological well-being are more carefree and enjoy a
more vibrant and comfortable life (3). However, nearly 25% of people with chronic conditions
experienced psychological problems related to COVID-19, particularly CKD patients (4, 5).
Currently, personalized treatment should be the norm in handling CKD patients (6–10). Because
of COVID-19, it seems to be far more critical that this approach be pursued to minimize
the possibility of excessive or insufficient treatment and reduce the likelihood of developing a
prejudice (11). This applies to COVID-19 as people’s psychological well-being experienced the
most significant impact during the pandemic. The ones with stable psychological well-being were
in a better state than those whose well-being was below par (3). As there have been constant
interruptions to everyday life owing to social distancing, which has been imposed to minimize
the transmission of COVID-19, precedent hazards to public mental health were observed (12). The
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risk of COVID-19 severe complications and poor prognosis
is higher for CKD patients, particularly those who undergo
chronic dialysis therapy, including higher rates of hospitalization,
intensive-care unit admission, mechanical ventilation, and death
(13). The well-being of patients has been a significant issue during
the pandemic considering the mental effects on even ordinary
healthy people were more critical than expected (14). Hence, the
impact on the psychological well-being of older CKDpatients will
be studied.

INTERACTION BETWEEN COVID-19 AND
PSYCHOLOGICAL WELL-BEING

The findings of the research conducted by Moreno et al. (15) are
diverse (Table 1), possibly due to variations in the methodology
adopted, the venues of the analysis, and the fact that the research
takes place during the pandemic. Possible consequences of
modifications to health resources on accessibility and reliability
and performance of psychiatric services throughout the COVID-
19 pandemic (16). Phobic anxiety, impulse purchase, and
television addiction, all linked to psychological disruptions,
insomnia, exhaustion, and consciousness deterioration, have
been documented, and digital networking has been linked to
heightened anxiety and depression-associated anxiety (17–19).

The illustration (Table 1) shows the possible effects of
modifications to health resources on psychiatric services
throughout the COVID-19 pandemic. It further describes the
reliability and impact of these adjustments in resources amid
the COVID-19 pandemic (13). Numerous people worldwide are
now feeling stress and paranoia, particularly the elderly or people
with existing health issues and even active and energetic youths.
The anxiety is about the novel coronavirus, which the technical
term is severe acute respiratory syndrome coronavirus (SARS-
CoV-2) (20). This hideous virus induces a lethal respiratory
condition known COVID-19, which brings fever, severe chest
infections, and breathlessness (occasional lack of taste and smell
or digestive troubles). COVID-19 is a disease that can escalate
quickly; in certain instances, it can be fatal (21). Therefore, the
psychological well-being of CKD patients during the period of
COVID-19 should be concerned. The current situation is difficult
for everyone in public, particularly for the older people who are
existing mental health issues; such as anxiety and depression-
associated anxiety that are more vulnerable to major medical
problems related to coronavirus infection and the emergence
of COVID-19 pulmonary disease with possibly catastrophic
results (22).

EFFECTS OF LOCKDOWN ON HUMANS
AMID COVID-19

Lockdown may also lead to pressure, resentment, and intensified
harmful activities like internet gambling. In earlier outbreaks, the
older person affected by lockdown had a higher likelihood of
experiencing psychological problems and sorrow (23, 24). It has
been observed that the number of elderly resorting to counseling
services because of psychological distress has increased (25, 26).

Local personal networks and experiences with other inhabitants,
relatives, and caregivers due to isolation could also contribute to
depression, immobility, and an inactive lifestyle among citizens,
adding to their solitude. Solitude as well as social alienation have
been associated with worse psychological health (for example,
stress, despair, and neurological damage) along with the reduced
quality of life (for example, weaker motor control, poorer heart
health, sleep disturbance, and loss of strength) and increased
death rates. Forced alienation may very well contribute to an
inactive lifestyle, yet a person’s lifestyle is crucial to reducing
physical, mental, and societal medical issues (27, 28).

Based on current evidence from past disease outbreaks and
new data from the recent episode, it is anticipated that mental
morbidity will eventually increase. Also, such morbidity may
escalate afterward and last longer than the external harmful
effects of the outbreak (29). Such a pattern is shown in various
aspects throughout this edition, which states that the initial
stages of the epidemic did not automatically trigger a rise in
psychological well-being sessions. Nevertheless, transition to the
current constraints introduced by COVID-19 has added burdens
to the field of psychological well-being (30). Moreover, the
predicted rise in psychiatric illness, which could lead to more
suicidal behavior, is more likely to emerge during and after the
outbreak, as the financial crisis, local mental health services,
human weaknesses, and the harsh truth of radically transformed
habits converge (31).

HEALTH EFFECTS OF COVID-19:
WORLDWIDE SITUATION

The World Health Organization states that the global
transmission of COVID-19 is accelerated bit by bit. As
shown by the data updated on 18 February 2020, the total
number of confirmed instances had reached over 72,000, with
almost 1,900 coming from China (32). The total number of
deaths from COVID-19 is estimated to be more significant
since the estimates vary from country to country. Although the
virus affects everyone, assuming that all factors are identical,
evidence has consistently shown that the death rate is higher
among older individuals and people with complications (3, 33).
The case fatality rate (CFR) of individuals aged 70 was between
0.3 and 3.5%. These figures are lower than the 8% CFR in
patients between 70 and 79 and ∼15% in patients over 80 in
China. As for Italy, empirical studies indicate the average age
of patients dying from COVID-19 was 80, with CFR rising
above 70 years of age; 12.5% (34–43), 19.7% (44–53), and 22.7%
(over 90) (54). A study found that found the subjects to have
obtained COVID-19-related information once in a while from
the following channels: online (including sites, online news, and
internet networks, such as Facebook and Twitter), acquaintances,
traditional media (including television, newspapers, and radio),
structured activities on COVID-19 (be it online or face-to-face),
medical workers in healthcare environments, colleagues, and
families. This research concluded that about 80% of the subjects
received COVID-19 information online (55).
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TABLE 1 | Implications for medical resources changes on availability, efficiency, and output of psychological treatment during the COVID-19 pandemic.

Possible negative consequences Possible positive consequences

The healthcare

system’s primary

emphasis on the

detection, reduction,

and control of

COVID-19.

• Primary educational emphasis on physical wellbeing;

emphasis on social distancing rather than bodily

distancing while remaining linked.

• Redistribution of services to meet physical wellbeing

treatment demands; reduced face-to-face interactions

among and inside care units; bodily and psychological

toll on medical staff; personnel deficiencies in

medical services.

• Knowledge about the psychological implications of COVID-19

has the potential to raise the public’s general psychological health

awareness; the chance to highlight the significance of self-care,

recovery measures, and household assistance; enhancement of

funding for psychological health care from non-profit or private

institutions; and multidisciplinary initiatives to activate support

groups, using innovations to enable swift, scalable, and effective

team interaction and collaboration inside and among teams (for

example, psychological well-being, and basic treatment).

• Improve bodily and psychological well-being through behavioral

changes, the implementation of low-barrier destigmatized

psychosocial assessments, counseling programs, and a

student-to-student framework.

Controlled admission to

other kinds of medical

services as a critical

component of

COVID-19

management

Triage procedures that prioritize acute patients only

resulted in a reduction in hospital visits (such as those for

administering or distributing of drugs), emergency

department visits, inpatient treatment, and

pharmaceutical accessibility; community

psychoeducation, community cognitive treatment, and

mutual help initiatives being eliminated or scaled down;

options for cardiometabolic and detrimental impact

screening being reduced, overall inpatient spaces being

reduced; hospital entry restrictions; reduced

hospitalizations; hasty departure to mitigate the

possibility of healthcare facility-related infection,

particularly for those who have been hospitalized

involuntarily.

Re-evaluation of the effective provision distribution, data retention

regulations, and payment for telehealth and multimedia, virtual

medical services, and choices for in-home care; availability

strategies (for example, web channels), health policy, privacy rules,

flexible drug coverage, including the usage of restricted drugs;

creation of digital platforms for community outpatient therapies;

controlling techniques that are less resistant to risk; less

overcrowding in inpatient wards; re-evaluation of the duration of

inpatient stays that are required; reassessment of the demand of

forced medical services

Source: Moreno et al. (15).

Psychological symptoms and illnesses can occur as an adjunct
to an unavoidable disease incident. These can appear at an active
stage or later in time. The outbreak itself is a traumatic event,
but it is significantly more disturbing to work as a medical
practitioner to cope with such a severe disease (56). In America,
the fatality rate in New York City for patients 75 years old or
older was over 1,500 per 100,000 people. Advanced age and
complications such as coronary disease, diabetes, chronic lung
ailments, and persistent kidney dysfunction tend to increase
the dangers of COVID-19. In many more existing patients
with renal failure, where the health care system may evaluate
employees, The CKD patients should consider the risks of death
from COVID-19 in assessing the risks and benefits of treatment
options (57).

ANALYZING THE PSYCHOLOGICAL
ISSUES CAUSED BY COVID-19

Controversial expectations, coping with significant shortcomings
in the resources for screening and therapy and the protection
of patients and health care professionals from infection,
the pressure of current overall well-being measures that
place restrictions on personal autonomy, tremendous and
rising financial troubles, and contradictory instructions from
professionals are some of the major factors which would
inevitably contribute to endless difficulty and heightened threats
of Covid-19-related psychological disorder (58, 59). Healthcare

practitioners have a major role in resolving these serious
consequences as part of the pandemic response (60, 61).

Wide analysis of poor mental health has proven that
tremendous problems are widespread in infected communities,
an observation that is likely to be replicated in populations
affected by the Covid-19 pandemic. Owing to these challenges,
numerous people refuse to give in to therapy. Some individuals
have developed new attributes. Considering all factors, in
“standard” disastrous incidents, technological failures, and
deliberate events of massive destruction, a major concern is
post-traumatic stress disorder (PTSD) arising from exposure to
trauma. Contagious illnesses, such as dangerous virus infection,
may not follow existing trauma frameworks required to study
PTSD, but other psychological issues such as stress and anxiety
can arise (62). Several communities could be more vulnerable
than others in coping with the psychosocial effects of disease
outbreaks. Particularly, people who suffer from the disease,
those at increased risk for infection (including the elderly,
people with lower resistance, and those residing in community
surroundings), and people with prior medical, emotional, or drug
use problems are at heightened risk for antagonistic psychosocial
outcomes (63).

OLDER CKD PATIENTS DURING COVID-19
PANDEMIC

The COVID-19 pandemic revealed the notorious vulnerability
of the monetary system and the overwhelming ramifications for
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TABLE 2 | Description of studies on older CKD patients negative psychological impact during COVID-19 in the review.

References Country Methods Participants/

Sample

Prevalence Impact on Psychological

Well-Being

Lee et al. (52) Western

Pennsylvania

and New Mexico

Phone survey N = 49 participants,

mean age: 56 years;

gender: male 53%.

• (1) 27% of the participants had clinical levels

of depressive symptoms, but only 12% had

anxiety meeting clinical criteria.

• (2) About 33% of participants reported poor

sleep quality over the last month. Perceived

stress was high in about 30% of participants,

and 85% felt overwhelmed by difficulties with

COVID-19, although 41% felt that things

were pretty/very often going their way.

• (1) Anxiety;

• (2) Depressive symptoms.

Sousa et al. (91) Portugal • Mixed method: (1)

quantitative method

from medical

records,

• (2) qualitative method

semi-

structured interviews

N = 20, mean age:

66.9 (±11.9); gender:

male 55%.

• (1) Impact on family relationships (70%); fear

of being infected due to high-risk condition

(70%); increased emotional distress (55%);

fear of getting infected in the dialysis unit

(55%); difficulty adjusting to the contingency

plan at the dialysis unit (55%); altered

self-esteem and autonomy (40%).

• (2) Impacts on disease and treatment-related

health behaviors (25–55%), decreased

physical activity (55%); management of

dietary recommendations (35%);

management of fluid restrictions (25%); need

for nephrologist consultation (25%).

• (3) Positive impacts (40%), personal growth

(40%); increased social support (30%).

• (4) Coping strategies (35-80%).

• (5) Adherence to the protection measures at

home (35%); engage in indoor and outdoor

leisure activities (80%); seeking social

support for instrumental use (65%);

adherence to the protection measures at the

dialysis clinic (55%); using social media

and/or telephone to communicate (50%);

religious coping (45%); seeking social

support for emotional use

(40%); avoidance(40%).

• (1) Emotional stress

include anxiety;

• Social distrust;

• (3) Somatization.

Yang et al. (93) China (1) Survey N= 273, mean age:

59.9 (+/− 14.4);

gender: male 41.4%.

(1) Nonspecific psychiatric morbidity 45.8% by

using General Health Questionniare-28

(GHQ-28)

(2) Clinical concern (19.4%) by using Impact of

Events Scale–Revised (IES-R)

(3) Kidney Disease Quality of Life (KDQOL) and

KDQOL-36 Short Form (SF) were significantly

improved when compared with the intiital study

(p = 0.006 and p = 0.031, respectively)

(4) General Health Questionnaire-28 (GHQ-28)

and Impact of Events Scale–Revised (IES-R)

did not have significant change, but there were

improvement in somatic symptoms (p= 0.006);

anxiety and insomnia (p= 0.005); and intrusion

(p=0.049)

(1) Somatic symptoms

(2) Anxiety

(3) Insomnia

(4) Duration of

hemodiaglysis may affect

mental health, QoL, or

health status.

Barutcu Atas et al.

(49)

Turkey (1) Survey N = 106, mean age:

44.2 (±13.3), gender:

male 61.3%.

• (1) High-perceived stress (49, 46.2%),

• (2) Poor sleep quality (51, 48.1%)

• (3) Insomina (40, 37.7%)

• (4) Anxiety (25, 23.6%)

• (5) Depression (47, 44.3%)

• (6) Regression analyses revealed that

high-perceived stress is an independent

predictor of anxiety and depression.

• (1) Stress,

• (2) Sleeping quality,

• (3) Anxiety,

• (4) Depression.
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our financial structure should new tactics not be adopted to
tailor medical services to specific patient subgroups. The massive
group of elderly and feeble people over 65 poses a public health
concern. According to the latest data from the Istituto Superiore
di Sanità of Italy, COVID-19 tends to be more deadly among
elderly patients: 96.4% of deaths were over 60 years of age. People
aged 70 or above account for 35.5% of instances as statistics were
classified by age level, whereas participants aged over 80 accounts
for 52.3%. Patients with renal disease are an elderly group that
is especially susceptible to infection and carries a higher risk
of death than the average person. The massive group of elderly
and feeble people over 65 poses a public health concern. The
COVID-19 pandemic revealed the notorious vulnerability of the
monetary system and the overwhelming ramifications for our
financial structure should new tactics not be adopted to tailor
medical services to specific patient subgroups (64).

Given that most patients with CKD are seniors, who
experience biological deterioration of renal function and are
more vulnerable to renal disease, COVID-19 emerges as a
pertinent issue because of the heightened risk of comorbidities
and fatality in patients with chronic renal disease (65). Moreover,
specific antiviral and immunosuppressive approaches to combat
COVID-19 infection have been hampered by severe renal
damage. The combination of age and chronic renal disease is
most likely a possible cause of COVID-19 in immunosuppressive
activity. Immunol senescence is a condition that occurs in older
adults and is accompanied by weakened responsive and inherent
immune function (66). Numerous changes have occurred,
including thymic involution, a reduction in naïve T-cells and
progenitor B-cells, and a reduction in the production of MHC
class II on macrophages. Among chronic renal disease cases,
a significant immunosuppressive condition has been observed
as well: (i) diminished granulocyte and monocyte/macrophage
phagocytic activity; (ii) reduced antigen-presenting potential of
antigen-presenting cells; (iii) loss of antigen-presenting dendritic
cells; (iv) weakened B lymphocyte numbers and immune
generating ability; (v) reduction in naïve and central memory
CD4+ and CD8+ T lymphocytes; (vi) disrupted cell-mediated
resistance. Because of such considerations, older CKD patients
must fully adhere to the guidelines of the Ministry of Health
and Nephrological Scientific Societies for COVID-19 reduction
(34–53, 67–92).

CHALLENGES AND RECOMMENDATIONS
CONCERNING THE PSYCHOLOGICAL
IMPACT AMONG CKD PATIENTS

Under the outbreak, further attention to be paid to public
health, both physical and psychological, to help communities
during this challenging period (71–73). The COVID-19 outbreak
has brought many extra challenges to the study, planning, and
management of health (4, 74, 75). The problems of COVID-
19 mental health and bureaucratic responses to the outbreak
are not exactly unprecedented. Past mental health deficiencies
could become more deep-rooted and considerably more difficult
to tackle (76, 77). Evidence from all over the world of shifts in
individuals’ mental health, possibly attributable to the COVID-19

outbreak, has been hindered by the use of residence assessments,
distorted or unverifiable mental health metrics, and the lack of
other pre-COVID-19 conventional knowledge to measure the
transition, be it among individuals or throughout the whole
population (78, 79, 93–95).

One study showed elevated rates of mental illness among US
adults in 2020 compared with 2018, and the increase was the
most significant among young adults aged between 18 and 24
and females (19). Legislators, politicians, and specialized agencies
require accurate information on the shifts in mental health
associated with the outbreak so that decisions are backed by
knowledge on the extent of transitions in individuals’ mental
health and vulnerability to psychiatric problems (80). In such
a crisis, the ability to track and address psychosocial needs
during proper consultation in clinical care is severely constrained
by the immense complexity of household regulation. Strategies
for telemedicine are given to psychosocial institutions and are
increasingly distributed in stimulating environments (81). As
far as COVID-19 is concerned, psychosocial evaluation and
monitoring may include concerns linked to COVID-19 stress
factors (e.g., exposures to infected materials, infected family
members, loss of loved ones, and segregation) and further
mishaps (e.g., economic hardship) (82, 83).

Psychosocial impacts include depression, stress, psychiatric
disturbances, insomnia, heightened drug use and aggressive
actions at home, and signs of vulnerability (84) (Table 2), such
as previous physical or emotional disorders. Some individuals
may need guidance regarding structured psychological health
evaluation and treatment. Others benefit from ongoing
counseling to enhance health and facilitate adjustment (e.g.,
psychoeducation or cognitive behavior approaches) (85, 86).
Given the increasing financial crisis and the multiple threats
of this outbreak, self-destructive thoughts may emerge, which
entails a timely meeting with professionals or a recommendation
for possible crisis psychiatric hospitalization (87, 88). At the
gentler end of the psychosocial spectrum, a large amount of
interaction between patients, families, and the wider populace
could be better structured by presenting evidence on typical
reactions to this form of resistance and by drawing attention
to what people can do in the middle of severe circumstances
(89, 90).

In a multivariable study, Varshney et al. (48) found that
advanced age, prolonged illness, the existence of breathing
troubles, and absence of community backup have a significant
correlation with unusual mental effects of COVID-19 on
individuals with chronic disease. Once they need to go outside
for provisions, elderly CKD patients and those living on their
own become especially susceptible. Throughout the COVID-19
epidemic, numerous CKD patients in the early to later phases
of kidney disease might have testing arrangements postponed.
Failure to detect significant development of CKD has profound
implications for both the patient and the community (Figure 1)
(64, 91).

Healthcare practitioners may provide guidelines for
mental stress and adjustment (such as planning exercises
and timetabling) (92), connect patients with psychosocial health
departments, and encourage patients to pursue adequate mental
health assistance as needed (34). Nadler et al. (35) noted that
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FIGURE 1 | During COVID-19, the phenomenon has a detrimental psychological impact on CKD patients. Source: Coppolino et al. (64) and Varshney et al. (48).

because the caregivers typically lessen their children’s discomfort,
transparent talks should be encouraged to discuss children’s
reactions and issues. As far as health care providers themselves
are concerned, the innovative concept of SARS-CoV-2,
preliminary screening, minimal treatment options, insufficient
PPE and other medical resources, prolonged unresolved
pressures, and other related risks are sources of stress and
could potentially overwhelm systems (36, 37). SARS-CoV-2 is
spread from humans to humans through direct contact with
an infected person via nasal spills or touching contaminated
substances. Maturity and chronic illness have been identified as
possible causes of severe disease and death (38). Ghinai et al. (39)
confirmed that SARS-CoV-2, which resulted in the condition
currently known as COVID-19, had been disseminated across
China and 26 more countries as of 18 February 2020. Advanced
age, being female, extended illness, breathing symptoms, and lack
of social support were essentially related to the peculiar mental
impact of COVID-19 on patients with renal impairment. Patients
aged 34 or older were more likely to suffer from psychiatric
disorders due to the recent outbreak (40, 41). This result
invalidates an Indian study where young adults encountered
more significant psychological problems due to COVID-19. This
discrepancy may be attributed to the incorrect assumption that
COVID-19 is not as accurate in younger individuals (42, 43).

Self-care offered by providers, like mental healthcare
providers, requires training on disease and risks (44), tracking
someone’s pressure reaction, as well as seeking adequate
assistance with personal and occupational responsibilities
and issues, such as professional mental health (22, 45, 46).
Healthcare systems must handle the burden of subcontractors
and comprehensive operations by evaluating reactions and
implementation, modifying projects and plans, adjusting

expectations, and designing tools to deliver psychosocial
assistance based on the circumstances (47).

DISCUSSION

The health care system must offer coaching and instruction
on psychosocial problems to healthcare service administrators,
emergency personnel, and health care providers. Mental health
and emergency response systems must work together to
identify, establish and allocate evidence-based resources such
as disaster-related mental health, psychological well-being crisis
and referral, special patient needs, and alarm and distress
treatment. Risk consultation initiatives should resolve the
difficulty of emerging problems, such as legislation, vaccination
affordability and sufficiency, and the need for evidence-
based arrangements related to disease outbreaks, and tackle
various psychosocial considerations. Psychological well-being
practitioners may strengthen perceptions that can be expressed
through supporting the experts. The COVID-19 episode has a
devastating impact on personal and collective welfare and care
work. Despite health concerns, ultimately, medical treatment
practitioners have a significant role in tracking psychosocial
needs and delivering psychosocial assistance to their patients,
providers of therapeutic services, and social initiatives that
should be integrated into overall pandemic healthcare.

COVID-19 has contributed to increased recognized risk
factors for mental health problems. In addition to weirdness
and insecurity, quarantine and physical isolation can lead to
significant alienation, lack of income, delays, limited access to
core domains, increased exposure to alcohol and internet betting,
and decreased family and community assistance, especially in
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more vulnerable people (21). The COVID-19 outbreak also
provides a significant barrier to involvement in preliminary
testing for older adults with tumors who are currently under-
served in oncology and other clinical tests. Testing or possible
admission to such therapeutic initial testing has been completed
or based on several assessment projects worldwide.

CONCLUSION

COVID-19 is an evolving and rapidly growing disease that
warrants personalized attention and assessment depending on
the incidence of the infection. When humanity is dealing with
the outbreak and working to find ways to effectively distribute
cancer treatment to more mature patients, it is necessary to
intervene to protect the vulnerable and counter the prolonged
detrimental consequences in this age group. Since this is unlikely
the last outbreak in human history, it is crucial to embrace this
opportunity to discover facts and formulate strategies for any
possible scenarios. It should also be understood that previous
studies could contribute to a range of uses depending on the
stage of the outbreak. Overall, it is especially critical that older
individuals practice social distancing. Nevertheless, the scientific
evidence of the experiences of older adults has been minimal
so far. To understand the impact of the outbreak on more
mature people and to develop viable arrangements, it is vital to

examine how older individuals respond to quarantine measures
and identify the difficulties and frustrations faced by older people
and patients with CKD.
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C3 glomerulopathy (C3GP) is a disease entity caused by abnormality of the complement
alternative pathway (AP) and characterized by C3 deposition in glomeruli. Many
variations or mutations of complement factors are believed to underlie the susceptibility
to C3GP, but there is a lack of experimental evidence. We have recently reported
a patient with C3 glomerulonephritis (C3GN) and compound heterozygosity of two
novel variations in the complement factor (CFI). Here, we generated a mouse model
to mimic the CFI variations for studying pathogenicity of CFI variations in C3GN
development. We used the CRISPR/Cas9 system to make mutant mouse lines that
carried D288G and P467S mutations in CFI, respectively, and crossed them to generate
mice with compound heterozygosity of CFI D288G and P467S. The mice were all
normal in either SPF (specific pathogen free) or regular environment. When treated with
lipopolysaccharides (LPS), a bacterial endotoxin that mimics infection and sepsis, the
mice developed albuminuria, kidney function impairment, and C3 glomerular deposition
at levels comparable with the wild-type mice. The mice with other genotypes concerning
CFI D288G and P467S were also tested in parallel. Unexpectedly, we found that the
D288G homozygotes all developed severe mesangial deposition of C3 in the LPS
model, indicating that CFI D288G variation was involved in the C3 deposition, a key
feature of C3GN. The mouse lines generated in the present study can be used to further
study the role of CFI variations in C3GN development; in addition, they may be used to
screen and test infections and environmental factors capable of triggering C3GN.

Keywords: complement factor I, amino acid variations, C3 glomerulopathy, mouse model, lipopolysaccharides

INTRODUCTION

C3 glomerulopathy (C3GP) which included Dense Deposit Disease (DDD) and C3
glomerulonephritis(C3GN) depending on the location of electronic density is a rare disease
characterized by predominant C3 deposition in glomeruli and membranoproliferation in
glomeruli (Fakhouri et al., 2010). Dysregulation of complement alterative pathway (AP) plays
an important role in the pathogenesis of C3GP (Pickering et al., 2013; Schena et al., 2020),
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and the genetic variations or mutations in complement regulators
have been implicated in AP dysregulation. For instance,
homozygous or heterozygous mutations in the regulatory
complement proteins factor H (CFH), factor I (CFI), C3, MCP
(CD46), complement Factor B, and CFHRs are found in patients
with C3GP (Smith et al., 2019). In addition to C3GP, AP
abnormality is also implicated in thrombotic microangiopathy
(TMA), including atypical hemolytic uremic syndrome (aHUS),
as suggested by mutations in C3, CFI, CD46, and CFH found
in patients with aHUS (Feitz et al., 2018). AP is constitutively
active and serves as an immune surveillance and effector system
operating in circulation and on cell surfaces. The activity of
AP is tightly regulated to prevent the damage of self-cells
in the body.

Although the variations/mutations in the complement
regulators are believed to predispose the carriers to the C3GP
and TMA, there are very few animal models that mimic the
variations and prove their roles in the disease development,
particularly for the single missense variations. Such animal
models are important because the variations/mutations
identified in the complement regulators in C3GP patients
are not necessarily responsible for the diseases. First of all,
the genetic defects in the complement-related genes have
been identified only in a portion (∼25%) of the patients
with C3GP (Bu et al., 2016; Smith et al., 2019); secondly, the
functional consequences of the defects (especially those of
single missense mutation) on the proteins have essentially
not been tested; and thirdly, other known and unknown
factors (e.g., variants of other genes, autoantibodies, etc.)
may co-exist with the identified variations/mutations of
complement regulators and actually interfere with the AP and
cause the C3GP independently of the variations/mutations
in the complement regulators (Ozaltin et al., 2013;
Noris et al., 2019).

We have recently reported a case of C3GN combined with
TMA in renal allograft (Wen et al., 2018). The gene test showed
that this patient has two novel CFI gene variations, c.848A > G
in exon 6 and c.1339C > T in exon 11, which resulted in
D283G in the Ldlra domain (low-density lipoprotein receptor
domain class A) and P447S in the trypsin-like serine protease
domain, respectively. The c.848A > G allele was from his
father and c.1339C > T from the mother. These two novel CFI
variants presumably underlie the development of C3GN/MTA
in the patient, which was likely triggered by a lung infection
(Wen et al., 2018).

In the present study, we generated the CFI D288G and P467S
compound mutations in mice that mimic the CFI variations
in the patient. We found that these mice did not develop
spontaneous C3GP and responded to LPS treatment similarly
to wild-type mice concerning proteinuria, C3 glomerular
deposition, circulating C3, and mesangial expansion. Mice with
other genotypes of D288G and P467S mutations exhibited similar
responses except for D288G homozygotes that had a severe
C3 deposition, mesangial expansion, and reduced circulating
C3, indicating that D288G affects CFI activity. These mouse
models can be used for C3GN and MTA research and for
screening and testing infections and environmental agents that
can trigger C3GN.

MATERIALS AND METHODS

Generation of CFI D288G and P467S
Mutations in Mice Using CRISPR/Cas9
To create a CFI D288G mutant model using CRISPR/Cas9-
mediated gene editing, we acquired from Ensembl1 the Cfi
genome information, Cfi-001 ENSMUST00000077918, which
has 14 exons, with the ATG start codon in exon 1 and TGA
stop codon in exon 14 (Supplementary Figure 1). The Cfi
gene targeting for CFI D288G and P467S was designed based
on this information. To make CFI D288G point mutation
in mice, two sgRNAs targeting the intron 6-7 and Exon 6
of Cfi gene were, respectively, constructed and transcribed
in vitro. The donor vector with the Cfi-D288G fragment was
designed and prepared. sgRNA sequences: 5′ sgRNA (5′–3′):
ACCAATACAAGTGTAATGGTG; PAM: AGG; and 3′ sgRNA
(5′–3′): ACATATGTGTGATGTGCACG; PAM: TGG. For P467S
mutation, sgRNAs and donor vector were similarly prepared.
For each mutation, the corresponding Cas9 mRNA, sgRNA,
and donor were co-injected into mouse zygotes, and the
zygotes were transferred into the oviduct of pseudopregnant ICR
females at 0.5 dpc. The F0 mice were born 19∼21 days after
implantation, and those with desired mutations were identified
by sequencing the PCR product from mouse tail DNA. The F0
mice which had a copy of the point mutation of D288G or
P467S in CFI were identified by genotyping following the method
described below (Supplementary Figure 2). Next, the F0 mice
were crossed with C57BL/6J mouse to generate heterozygotes.
These two mouse lines were crossed (CFI-D288G+/m x CFI-
P467S+/m to generate 1) CFI-D288Gm/m homozygotes, 2)
CFI-D288G+/m heterozygotes, 3) CFI-P467Sm/m homozygotes,
4) CFI-P467S+/m heterozygotes, 5) CFI-D288G+/m;P467S+/m

compound heterozygotes (cHet) mice for further studies. The
wildtype pups obtained from the crosses were used as controls.
The generation of the mouse models and their breeding were
conducted in the mouse facility of the Nanjing Biomedical
Research Institute of Nanjing University. The treatment, sample
collection, and sacrifice of the mice were performed in the
mouse analysis laboratory at Jinling Hospital, Nanjing Univeristy
School of Medicine.

Thermal Cycling Condition of PCR
Most PCR amplifications were performed with a regular
condition: incubated at 95◦C/5 min, followed by 35 cycles of
95◦C/30 s, 55–60◦C/30 s, 72◦C/5 min for 35 cycles, and then
held at 10◦C. For primer 1, 3, 5, and 7 (Supplementary Table 1),
touch-down PCR was performed with following thermal cycling
condition: 95◦C/5 min, followed by 20 cycles of 98◦C/30 s,
65◦C/30 s (−0.5◦C each cycle), and 72◦C/45 s, and followed by
another 20 cycles of 98◦C/30 s, 55◦C/30 s, and 72◦C/45 s for 35
cycles, and then 72◦C/5 min.

LPS Treatment of Mice
LPS treatment was performed following our previous study (Lang
et al., 2019). Briefly, LPS (Sigma Aldrich, MO, United States)

1www.ensembl.org
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was dissolved in saline at a concentration of 1 mg/ml, and
was injected intraperitoneally at the dose of 10 mg/kg. Twenty-
four hours later, the second injection at the same dose was
performed. Twelve hours after the second injection, the spot
urine samples and kidney biopsies were collected from the mice
for further analyses.

Measurement of Urinary
Albumin/Creatinine Ratio
We measured the urinary albumin and creatinine levels using
the ELISA kit, Albuwell M (Exocell, Philadelphia, United States),
and the QuantiChromTM Creatinine Assay Kit (Bioassay systems,
CA, United States), respectively, following the manufacturer’s
instructions. Urinary albuminuria levels were expressed as
albumin/creatinine ratio (uACR, µg/mg).

Animal Sacrifice, Perfusion, and Kidney
Tissue Collection
Mice were briefly anesthetized by inhaling Isoflurane
in a chamber, followed by intraperitoneal injection of
ketamine/xylazine hydrochloride solution (dose of ketamine,
100 mg/kg; xylazine, 10 mg/kg body weight). When mice were
completely anesthetized, they were killed by perfusion with PBS
buffer through left ventricle after blood collection from orbital
sinus. Kidneys were then excised and cut into two halves, each
of which was embedded in OCT compound and snap frozen
with liquid nitrogen for immunofluorescence staining, and in
4% paraformaldehyde (PFA) followed by paraffin embedding for
PAS staining, respectively.

PAS Staining and Pathological Scoring
We used the same method for PAS staining as described
previously (Wu et al., 2015). Glomerular mesangial expansion
was scored as follow: 0, no any expansion; (1) 1–10% glomeruli
with mild expansion; (2) 11–25% glomeruli with moderate
expansion; (3) 26–50% glomeruli with severe expansion; (4) 50%
glomeruli being sclerotic. Twenty glomeruli were examined and
scored for each mouse. A pathologist who was blinded to the
sample identities performed the evaluation and scoring.

Immunofluorescence Staining
Sections of 5-µm thickness of mouse frozen kidney tissues
were blocked with 10% FBS and incubated with primary
antibodies labeled with FITC, rabbit polyclonal anti-C3, IgG,
and IgA (DAKO, United States). The images were captured
under the Leica microscope (DM5000B). For quantification of
C3 deposition, we used ImageJ (the National Institutes of Health,
United States) to determine the intensity of staining in glomeruli.
For IgG and IgA, a pathologist blinded to the sample identities
examined the glomeruli and scored staining intensity by 0 (no
staining), 1 (weak staining), and 2 (positive staining).

Measurement of Serum C3 of the Mice
Serum C3 levels were measured using the ELISA kit for
serum C3 measurement (the Cloud-clone Inc, Wuhan, China,

SEA861Mu). We performed the measurement following the
manual instruction.

Measurement of Serum Creatinine, BUN,
and Albumin of the Mice
We performed serum creatinine, BUN and albumin
measurements for the mice following the methods that we
have described previously (Wu et al., 2015).

CD3 and CD68 Immunohistochemical
Staining of Kidney Tissues
Immunohistochemical staining of CD3 (Novocastra, NCL-L-
CD3-565) and CD68 (Dako, Anti-Human CD68 clone PG-M1
M0876) was performed on mouse kidney sections following the
method described (Wu et al., 2015).

Statistical Analyses
The data are presented as the mean ± SD. The results were
analyzed using GraphPad Prism 6 software (GraphPad Software
Inc., CA, United States). The differences between two groups
were analyzed using a two-tailed Student’s t-test. Based on
whether the assumption of normal distribution and homogeneity
of variance was met or not, ANOVA or Kruskal-Wallis test was
used for statistical analyses, followed by post hoc Dunn’s test.

Study Approval
The animals and experimental procedures were approved
by the Institutional Animal Care and Use Committee of
Jinling Hospital, Nanjing University School of Medicine, China
(2015NZGKJ-057).

RESULTS

Determination of Point Mutations to Be
Made in Mouse CFI That Mimic the
Patient’s Variations
To map the patient’s CFI variations to the mouse CFI genes,
we aligned the amino acid residue sequences of human and
mouse CFI (Figure 1A). The two amino acid residues of human
CFI, D283, and P447, which were mutated in the patient, are
conserved in mouse (D288, P467). The corresponding nucleotide
sequence of mouse Cfi gene and the point mutations (c.848A > G
and c.1339C > T) to be made according to the patient’s CFI are
shown in Figure 1B. We followed the procedure described in
the Methods to generate mice of various genotypes concerning
CFI-D288G and -P467S mutations.

CFI-D288G/P467S cHet Mice Were
Normal
The CFI-D288G/P467S cHet mice were born with the
expected Mendelian ratio in the breeding, indicating that
the compound heterozygosity of CFI-D288G/P467S did
not cause embryonic lethality. These mice grew normally
with a body weight comparable with wild-type littermates
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FIGURE 1 | Localization of the patient’s CFI variations in mouse counterpart. (A) Alignment of human and mouse CFI amino acid sequences near the variations. The
human D283 vs. mouse D288 and human P477 vs. mouse P467 are indicated. (B) Design of point mutations in CFI gene to be made in mice: CFI D288 codon
“gac” to be swapped to “ggc” for glycine (G), and P467 codon “ccc” to “tcc” for serine (S).

and had no observable abnormalities, e.g., albuminuria, as
determined by albumin/creatinine ratio (ACR) of spot urine,
at a specific pathogen free (SPF) environment. We also left
the mice in a regular, non-SPF environment, allowing certain
potential pathogens in the environment to trigger C3GN in
the mice. However, after exposure to the regular environment
for more than a month, the mice were still normal and did
not develop albuminuria (the mice were 12 weeks old at
the time). The mice with other genotypes, including D288G
heterozygotes, D288G homozygotes, P467S heterozygotes, and
P467S homozygotes, were also normal as shown by lack of
proteinuria (Figure 2).

CFI-D288G/P467S cHet Mice Responded
to LPS Treatment Similarly to Wild-Type
Mice
Patients with susceptibility to C3 and TMA can be fine under
a normal condition, but can develop the disease with certain
stimuli from environment, e.g., infections. Unfortunately, the
exact factors capable of triggering the disease are not known.
We then chose and tested LPS, an agent that mimics infection
and sepsis, and hoped that it would induce C3GN in the CFI-
D288G/P467S cHet mice.

We found that all the mice developed proteinuria at the
comparable levels (Figure 3). The success of the LPS model
was further demonstrated by the increased serum BUN, serum
creatinine and decreased serum albumin after LPS treatment
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FIGURE 2 | The CFI D288G/P467S cHet mice and the mice with other
genotypes did not develop proteinuria spontaneously at the age of 12 weeks.
Urinary albumin/creatinine ratio (µg/mg) was measured for the mice in the
groups of mice as indicated, and they all had a normal level of urinary albumin.
Wt, wildtype; cHet, compound D288G/P467S heterozygotes; D288G-Het,
D288G heterozygotes; D288G-Hom, D288G homozygotes; P467S-Het,
P467S heterozygotes; P467S-Hom, P467S homozygotes. n = 6 for all
groups. No statistically significant differences were observed among the
groups according to the Kruskal-Wallis test (p = 0.079).

(Supplementary Figure 3). cHet mice were expected to have a
higher level of proteinuria because they mimicked the patient
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FIGURE 3 | The albuminuria of mice of CFI-D288G/P467S cHet and other
genotypes after LPS treatment. Thirty-six hours after the first 10 mg/kg LPS
injection, spot urine samples were collected and subjected to ACR
measurement. Wt, n = 6; cHet, n = 5; D288G-Het, n = 4; D288G-Hom, n = 7;
P467S-Het, n = 7; and P467S-Hom, n = 7. ANOVA analysis was performed
and showed no statistically significant differences among the groups
(p = 0.071).

of C3GN. However, their proteinuria was comparable with that
of wild-type and other mice. Consistently, the serum creatinine,
BUN, and albumin levels of the cHet mice were also similar to
wildtype and other mice (Supplementary Figure 4).

We performed C3 immunofluorescence staining on the
kidney sections of the mice, and found that cHet mice had
a weak mesangial deposition of C3 at levels similar to wild-
type mice (Figure 4). We also measured the circulating C3
in the mice and found that cHet mice had a similar level of
serum C3 to that of wildtype mice (Figure 5). Additionally, we
performed IgG and IgA staining, and found similar levels of
IgG intensity between cHet and wild-type mice (Figure 6). IgA
staining was negative for all of them (data not shown). In the

FIGURE 5 | Comparisons of the circulating C3 levels of the groups of mice
with different genotypes under the treatment of LPS. The serum C3 level of
the D288G homozygote group was lower than that of the other groups, but
the differences did not reach any statistical significance (p = 0.114) according
to the ANOVA test. Wt, n = 6; cHet, n = 4; D288G-het, n = 6; D288G-hom,
n = 5; P467S-het, n = 6; P467S-hom, n = 4.

inspection of inflammatory cells in the kidney sections stained
with CD3 and CD68 antibodies, we did not find overt infiltration
of T cells and macrophage cells in all the groups of mice
(Supplementary Figure 5). No red blood cells were found in the
sediment of urine of all the groups (data not shown), precluding
hematuria in the mice. In the pathological examination of the
kidneys, no thrombotic microangiopathy was found in any mice
(data not shown).

CFI-D288G Homozygotes Developed
C3GN Phenotypes After LPS Treatment
In the above examinations, we noticed that CFI-D288G
homozygotes had a C3 deposition in glomeruli that was much

FIGURE 4 | Examination of C3 deposition in the kidneys of the mice treated by LPS. (A) An example of C3 staining pattern in mesangium. (B) Quantification and
comparison of C3 staining intensity in the mice in the 6 groups. Wt, n = 5; cHet, n = 5; D288G-het, n = 6; D288G-hom, n = 6; P467S-het, n = 6; P467S-hom, n = 5.
**p = 0.0012 vs. wt according to the Kruskal-Wallis test with Dunn’s multiple comparisons.
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FIGURE 6 | Examination of IgG deposition in the kidneys of the mice treated by LPS. An example of IgG staining pattern in a glomerulus (left), and the quantification
and comparison of IgG intensity in the mice in the 6 groups. Wt, n = 5; cHet, n = 5; D288G-het, n = 6; D288G-hom, n = 6; P467S-het, n = 6; P467S-hom, n = 5.
*p = 0.052 vs. wt according to the Kruskal-Wallis test.

more severe than that of mice in the other groups in the LPS
model. As shown in Figure 4, we performed semi-quantitative
analysis of the staining intensity of each mouse using ImageJ and
compared the results across the groups. We found that D288G
homozygotes had a much higher intensity of C3 in glomeruli than
the other mice (p = 0.0012 vs. wt, Figure 4). In the IgG staining,
half of the D288G homozygotes were positive while the other half
were negative. IgG staining was negative in all the mice in the
other groups except that one mouse in the cHET group showed
weak positive staining (Figure 5). C3 and IgG staining in tubules
and blood vessels was minimal. In the serum C3 measurement,
there was no difference between the groups (p = 0.114, Figure 6).

In the PAS staining of kidney sections, mild mesangial
expansion was noted in some mice in each group (Figures 7A,B),
however, there was no statistical difference in severity of
mesangial expansion across the groups of mice (Figure 7C).

DISCUSSION

In the present study, we generated the first animal models
of human CFI variants, and found that D288G and P467S
compound heterozygous mice that mimicked the CFI variations
in a previously reported patient did not develop spontaneous
C3GN. With LPS treatment, the D288G/P467S cHet mice
developed proteinuria, mesangial expansion and C3 deposition at
levels similar to the mice of wild-type. Unexpectedly, the D288G
homozygotes all had much more severe mesangial C3 deposition
compared with the mice in the other groups. It is possible that
with proper treatment, the D288G/P467S cHet mouse model of
the patient’s CFI variations would also be induced to develop
C3GN or MTA. Therefore, these mouse models can be used for
further study of the role of the CFI variations in C3GN and
MTA development. In addition, we propose that these mouse
lines could be used as a tool for screening of infections and
environmental agents that are capable of triggering C3GN and
TMA in individuals with CFI variations, and the feasibility of
such screening has been clearly demonstrated with the model of
LPS which successfully induced C3GN phenotypes in the D288G

FIGURE 7 | Mesangial expansion in the mice of CFI-D288G/P467S cHet and
other genotypes after LPS treatment. (A,B) PAS staining showing normal
glomeruli in mouse kidney (A) and a glomerulus with mesangial expansion (B)
(x600). (C) Quantification of mesangial expansion in the 6 groups of mice. Wt,
n = 5; cHet, n = 5; D288G-het, n = 6; D288G-hom, n = 6; P467S-het, n = 6;
P467S-hom, n = 5. Kruskal-Wallis test was used for statistical analysis,
showing no significance among groups (p = 0.307), although the D288G
homozygote group tended to have a higher score than the other groups.

homozygotes mice. The environmental agents can be various
drugs, chemicals, pollutants and even food.

At present, a number of variations in CFI have been reported
in patients with C3GP and aHUS (Fremeaux-Bacchi et al.,
2004; Caprioli et al., 2006). Pathogenic variations of CFI are
localized at several conserved domains, including the “low-
density lipoprotein receptor domain class A” (Ldlra) and “the
trypsin-like serine protease domain” (Tryp) (Servais et al., 2007;
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Leroy et al., 2011) (HGMD database)2. The two novel CFI
variations (D283G and P447S) in the patient that we reported
previously (Wen et al., 2018) are also localized to these two
domains, respectively, and thus likely underlie the pathogenesis
of C3GP and TMA in the patient. We therefore expected that the
mice with the compound heterozygosity of D288G and P467S
(cHet) as in the patient would develop C3GN and/or TMA.
However, the cHet mice did not differ from the mice of wild-
type and other genotypes essentially under normal conditions
and LPS treatment.

Although we did not observe glomerular C3 deposition in
the D288G/P467S cHet mice under the particular experimental
conditions in this study, the potential of compound and
heterozygous D288G and P467S variations to cause glomerular
C3 deposition cannot be precluded. There might be several
reasons for the failure of the cHet mice to develop glomerular
C3 deposition in the LPS treatment. First of all, modeling
complement variations in animals may not be easy if additional
factors, which are absent in mice, are required for the
onset of disease in patients. For instance, in humans, even
the nonsense mutations that lead to CFI deficiency do
not fully penetrate, leaving a portion of individuals with
the mutations free of the disease (Fremeaux-Bacchi et al.,
2004). In fact, most genetic variants have a low penetrance
and require additional variations/mutations or other factors,
e.g., thrombomodulin (Schena et al., 2020), to cause a
disease. Secondly, mice may tolerate CFI deficiency better
than humans due to certain differences of the complement
system between mice and humans (Pouw et al., 2015).
For example, CFI deficiency can cause C3GN in humans
(Servais et al., 2007), whereas CFI knockout does not cause
spontaneous glomerulonephritis and proteinuria, but does result
in mesangial C3 deposition and expansion in a portion of
the knockout mice (Rose et al., 2008). Thirdly, an appropriate
trigger of the disease might be critical for the onset of
the disease for a given variation. LPS may not best mimic
the lung infection that caused C3GP in the patient that
we reported previously (Wen et al., 2018), thus requiring
the right pathogens to be identified and used to treat
the cHet mice for glomerular C3 deposition. Unfortunately,
we did not have the information of how the infection
occurred to the patient.

Interestingly, in contrast with the cHet and other genotypes,
D288G homozygotes developed clear and severe C3 deposition
in mesangium in the treatment of LPS. This resembles the
CFI knockout mice without LPS treatment (Rose et al.,
2008), suggesting that D288G homozygosity and LPS acted
in concert to alter complement alternative pathway, resulting
in elevation of complement activity. Mutations in the Ldlra
domain of Cfi have been found in patients with C3GP
(Servais et al., 2007; Leroy et al., 2011), suggesting that
the homozygous D288G mutation in the mice could impair
CFI activity and be responsible for the increased severity
of glomerular lesions in the D288G homozygote mice in
LPS treatment. On the other hand, the D288G homozygotes

2http://www.hgmd.cf.ac.uk/

did not exhibit a more severe proteinuria than other mice
after LPS treatment. It is known that LPS can directly act
on podocytes as a ligand for TLR4, resulting in podocyte
cytoskeletal injury and massive proteinuria in mice, and this
direct proteinuria-inducing effect of LPS should be stronger
than that of C3GP triggered by LPS, causing the D288G
homozygote group to have similar proteinuria as that in
the other groups.

Glomerular C3 deposition occurred in the D288G
homozygotes but not the D288G/P467S cHet mice. We
speculate that the D288G mutation may cause a greater
loss of CFI activity than P467S mutation although further
experiments are required to prove it. It is possible that D288G
homozygosity, but not D288G/P467S cHet, reaches a threshold
of CFI activity loss, which leads to C3GN development. Thus,
the homozygous D288G mice could be a more sensitive model
than D288G/P467S cHet and other genotypes in detecting
C3GN-inducing factors. However, the cHet mice may have the
potential to detect C3GN inducers as well. Further studies are
required toward this direction.

Our present study has suggested that the CFI variations were
responsible for the C3GN on the renal allograft of our patient.
According to our study, we consider that he could receive a
second renal transplantation. His transplanted kidney could be
safe as long as he avoids infections and exposure to C3GN-
inducing factors. If an infection or exposure does occur, an
immediate and most effective treatment should be followed to
minimize the activation of the C3 system to avoid damage to his
renal allograft.

One limitation of the present study was the relatively low
number of mice of each genotype that were employed for
the studies. A larger number of mice for each group with
different genotypes would reveal clearer and more convincing
results in the study. Another limitation is that the time period
for observing the spontaneous development of C3GN in the
mice was not long enough. Spontaneous C3GN might be
observed in old mice.
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Renal Inflammation and Innate 
Immune Activation Underlie the 
Transition From Gentamicin-Induced 
Acute Kidney Injury to Renal Fibrosis
Amanda Helen Albino 1, Fernanda Florencia Fregnan Zambom 1, Orestes Foresto-Neto 1, 
Karin Carneiro Oliveira 1, Victor Ferreira Ávila 1, Simone Costa Alarcon Arias 1, 
Antonio Carlos Seguro 1, Denise Maria Avancini Costa Malheiros 1, 
Niels Olsen Saraiva Camara 1,2, Clarice Kazue Fujihara 1 and Roberto Zatz 1*

1Renal Division, Department of Clinical Medicine, Faculty of Medicine, University of São Paulo, São Paulo, Brazil,  
2Laboratory of Transplantation Immunobiology, Institute of Biomedical Sciences, University of São Paulo, São Paulo, Brazil

Subjects recovering from acute kidney injury (AKI) are at risk of developing chronic 
kidney disease (CKD). The mechanisms underlying this transition are unclear and may 
involve sustained activation of renal innate immunity, with resulting renal inflammation 
and fibrosis. We investigated whether the NF-κB system and/or the NLRP3 inflammasome 
pathway remain activated after the resolution of AKI induced by gentamicin (GT) 
treatment, thus favoring the development of CKD. Male Munich-Wistar rats received 
daily subcutaneous injections of GT, 80 mg/kg, for 9 days. Control rats received vehicle 
only (NC). Rats were studied at 1, 30, and 180 days after GT treatment was ceased. 
On Day 1, glomerular ischemia (ISCH), tubular necrosis, albuminuria, creatinine 
retention, and tubular dysfunction were noted, in association with prominent renal 
infiltration by macrophages and myofibroblasts, along with increased renal abundance 
of TLR4, IL-6, and IL1β. Regression of functional and structural changes occurred on 
Day 30. However, the renal content of IL-1β was still elevated at this time, while the 
local renin-angiotensin system remained activated, and interstitial fibrosis became 
evident. On Day 180, recurring albuminuria and mild glomerulosclerosis were seen, 
along with ISCH and unabated interstitial fibrosis, whereas macrophage infiltration was 
still evident. GT-induced AKI activates innate immunity and promotes renal inflammation. 
Persistence of these abnormalities provides a plausible explanation for the transition 
of AKI to CKD observed in a growing number of patients.

Keywords: acute kidney injury, chronic kidney disease, gentamicin, innate immunity, NF-κB

INTRODUCTION

Recent evidence indicates that, after recovering from widespread renal cellular necrosis and 
inflammation, a substantial fraction of patients who overcome acute kidney injury (AKI) 
develop an insidious process of renal interstitial collagen accumulation that eventuates in 
renal fibrosis (RF) and chronic kidney disease (CKD). The mechanisms underlying this 
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transition from AKI to CKD are incompletely understood, 
and likely involve a complex interplay between renal infiltration 
by inflammatory cells and activation of innate immunity, 
adaptive immunity, and the local renal-angiotensin system 
(Hoste and Kellum, 2007; Chawla, 2011; Black et  al., 2018; 
Sato and Yanagita, 2018).

Inflammatory phenomena are key to the development of 
kidney damage in both ischemic and nephrotoxic insults, 
the two most common causes of AKI. Early infiltration by 
inflammatory cells, along with increased expression of 
proinflammatory cytokines and adhesion molecules, has been 
reported in experimental AKI (Han and Bonventre, 2004; 
Kurts et  al., 2013; Jang and Rabb, 2015; Li et  al., 2018; Sato 
and Yanagita, 2018). Accordingly, AKI can be  prevented by 
macrophage or lymphocyte depletion, as well as by cytokine 
inhibition (Han and Bonventre, 2004; Gonçalves et  al., 2011; 
Zhang et  al., 2013; Li et  al., 2018). Inflammatory events also 
play a central role in the pathogenesis of RF and CKD, as 
shown with models as diverse as 5/6 renal ablation 
(Nx;  Floege  et  al., 1992; Eddy, 1996; Fanelli et  al., 2017; 
Foresto-Neto et  al., 2018), diabetic nephropathy (Mezzano 
et al., 2004; Foresto-Neto et al., 2020), adriamycin nephropathy 
(Faustino et  al., 2018), and unilateral ureteral obstruction 
(Esteban et  al., 2004; Vilaysane et  al., 2010), as well as in 
the AKI-CKD transition (Venkatachalam et  al., 2015; 
Black  et  al., 2018; Yang, 2019).

In recent years, the role of innate immunity, particularly the 
NF-κB and NLRP3 inflammasome pathways, in the inflammatory 
process associated with AKI has become apparent (Iyer et  al., 
2009; Jang and Rabb, 2015; Li et al., 2018). Likewise, the prominent 
pathogenic role of innate immunity in CKD has been evidenced 
in a variety of experimental models (Jo  et  al., 2006; Fujihara 
et  al., 2007; Iyer et  al., 2009; Castoldi et  al., 2012; Kim et  al., 
2013; Fanelli et  al., 2017; Faustino et  al., 2018; Zambom et  al., 
2019; Foresto-Neto et  al., 2020).

In principle, activation of innate immunity by membrane 
debris and biomolecules released after renal ischemia/reperfusion 
(I/R) or toxic cell damage should be  self-limited and cease 
once tubular regeneration is completed. However, if innate 
immunity activation persists, the resulting inflammation could 
lead to continuing renal damage. We  hypothesized that, once 
set in motion in the context of AKI, the NF-κB system and/
or the NLRP3 inflammasome pathway remain activated even 
after the acute event is resolved, thus sustaining an insidious 
process of renal inflammation that eventuates in RF, completing 
a complex transition to CKD.

To avoid the confounding effects of I/R-associated hypoxia 
(Nizet and Johnson, 2009; Mishra et  al., 2015), thus focusing 
on the impact of cell injury on innate immunity, we  utilized 
the model of nephrotoxic AKI by gentamicin (GT). Cytotoxicity 
caused by GT was shown to be  associated with intense renal 
inflammation and NF-κB activation, along with residual renal 
accumulation of collagen 30 days after GT treatment (Nakajima 
et al., 1994; Geleilete et al., 2002; Volpini et al., 2004). However, 
whether GT-induced activation of renal innate immunity, 
inflammation, and fibrosis persists and progresses to CKD after 
longer periods of time has not been verified.

MATERIALS AND METHODS

Experimental Protocol
All experimental procedures were approved by the Research 
Ethics Committee of the Faculty of Medicine of University of 
São Paulo (CEP-FMUSP, process no. 057/16). All experiments 
were performed in strict conformity with institutional guidelines 
and with international standards for manipulation and care 
of laboratory animals.

Sixty-three adult male Munich-Wistar rats, weighing 
250–280  g, were obtained from a local facility at the Faculty 
of Medicine, University of São Paulo. The animals were 
maintained at 22  ±  1°C and 60  ±  5% relative air humidity, 
under an artificial 12:12  h light-dark cycle. Rats were fed 
regular chow containing 22% protein (Nuvital, Curitiba, Brazil) 
and ad libitum water.

The rats were divided into two groups: NC (N  =  31), rats 
receiving subcutaneous injection of 0,15  M saline solution and 
GT (N  =  32), rats receiving daily subcutaneous injections of 
GT (Gentatec-Chemitec, São Paulo, Brazil), 80  mg/kg/day, 
during 9 days. This protocol of GT administration standardized 
previously (Nakajima et al., 1994; Geleilete et al., 2002; Volpini 
et  al., 2004) was calibrated to ensure that a toxic but nonlethal 
amount of GT reaches the kidneys, thus promoting tubular 
cell necrosis and AKI. Pretreatment body weights (267  ±  5  in 
NC and 265  ±  2  in GT) and albuminuria (1.6  ±  0.1  in NC 
and 1.5  ±  0.1  in GT) were similar between the two groups. 
NC and GT rats were studied 1  day (Day 1, 10 NC and 10 
GT rats), 30  days (Day 30, 10 NC and 10 GT rats), and 
180  days (Day 180, 11 NC and 12 GT rats) after these 9-day 
treatments were ceased. At each time point, body weight (BW) 
and systolic blood pressure were determined using an automated 
optoelectronic device (BP 2000 Blood Pressure Analysis System, 
Visitech Systems, EUA). All rats were preconditioned to remain 
calm during the procedure. In addition, animals were kept 
for 24 h in metabolic cages for urine collection for measurement 
of albumin and creatinine excretion.

On Days 1, 30, and 180, rats were anesthetized with ketamine 
(50  mg/kg im.) and xylazine (10  mg/kg im.). Blood samples 
were taken from the abdominal aorta for measurement of serum 
creatinine and plasma sodium and potassium concentrations. 
The kidneys were retrogradely perfused in situ through the 
abdominal aorta with cold saline to remove blood from renal 
vessels. The right kidney was excised, instantly frozen in liquid 
nitrogen, and stored at −80°C for subsequent analysis. The left 
kidney was retrogradely perfused in situ with Duboscq-Brazil 
solution for fixation. The renal tissue was then weighed, cut in 
two mid-coronal slices, post-fixed in buffered 10% formaldehyde 
solution, and embedded in paraffin, using standard sequential 
techniques, for histomorphometric and immunohistochemical 
analysis, performed in 4-μm-thick sections. Rats were killed 
instantly by the kidney perfusion-fixation procedure.

Biochemical and Enzymatic Analysis
Urinary albumin was determined by radial immunodiffusion 
(Mancini et  al., 1965) using a polyclonal rabbit anti-albumin 
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antibody (#0855715, MP Biomedicals LLC, United  States). 
Serum and urine creatinine concentrations were measured by 
a colorimetric assay kit (Labtest Diagnostic, Sao Paulo, Brazil). 
The urine albumin/creatinine ratio was expressed in mg/mg.

Histomorphometric Analysis
The morphometric evaluations were performed in a blinded 
manner by a single observer. The extent of glomerular injury 
was estimated by determining the percentage of glomeruli with 
either ischemic (ISCH) or sclerotic lesions (GS) in sections 
stained by the Periodic acid-Schiff reaction (Fujihara et  al., 
1994). Glomerular ischemia was defined as a collapse of the 
glomerular tuft, with decrease in the tuft volume, closure of 
the capillary loops, wrinkling of the basement membrane, and 
enlargement of the Bowman’s space. GS was characterized by 
deposition of hyaline material in a segment of the glomerular 
tuft, with consequent occlusion of capillary loops.

Immunohistochemical Analysis
Renal slices were mounted on glass slides coated with 6% silane. 
The following primary antibodies were employed as: monoclonal 
mouse anti-ED-1 (#MCA341R, Serotec, Oxford, United Kingdom) 
for macrophages, polyclonal rabbit anti-Mannose receptor (CD206, 
#Ab64693, Abcam, Cambridge, United  Kingdom) for M2 
macrophages (anti-inflammatory phenotype), monoclonal mouse 
anti-α-smooth muscle actin (α-SMA; #A2547, Sigma-Aldrich, Saint 
Louis, MO), polyclonal rabbit anti-collagen type 1 (#34710, Abcam, 
Cambridge, United  Kingdom), polyclonal rabbit anti-fibronectin 
(#Ab2413, Abcam, Cambridge, United  Kingdom), and polyclonal 
rabbit anti-angiotensin II (AngII; #T4007, Peninsula Laboratories, 
San Carlos, CA) for AngII-positive cells. The immunohistochemical 
techniques used in this study were described in detail in the 
previous studies (Arias et  al., 2013; Foresto-Neto et  al., 2018; 
Zambom et  al., 2019). The interstitial density of macrophages 
and AngII-positive cells was evaluated in a blinded manner at 
×400 magnification. For each section, 25 microscopic fields 
(corresponding to a total area of 0.08  mm2) were examined. 
Results were expressed in cells/mm2. The percentage of cortical 
interstitial area occupied by collagen-1 and fibronectin was estimated 
by a point-counting technique (Jepsen and Mortensen, 1979).

Total Protein Extraction
Kidney proteins were extracted using lysis buffer (#89900, 
Thermo Scientific, Rockford, IL) with protease and phosphatase 
inhibitor (Roche, Mannheim, Germany). Protein concentration 
was determined with the bicinchoninic acid method, using 
homogenate aliquots containing 100  μg of protein.

Western Blot Assays
A 100 μg aliquot of renal homogenate was mixed in 2 × Laemmli 
buffer and denatured at 96°C for 5 min. For the specific nuclear 
fraction analysis, the pre-prepared samples were not denatured. 
Protein separation was performed by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis. For each blot, samples from 
two rats per group were loaded so that the intensity of each 

band (factored by its respective housekeeping band) could always 
be  reliably compared among groups. Seven rats per group per 
time point were analyzed in this way. The separated proteins 
were transferred to a nitrocellulose membrane, which was 
incubated with 5% non-fat milk or 5% BSA in tris-buffered 
saline for 2 h at room temperature to block nonspecific binding. 
The membrane was then incubated overnight at 4°C with primary 
antibodies for: monoclonal mouse anti-β-actin, 1:5,000 (#A2228, 
Sigma-Aldrich, Saint Louis, MO); polyclonal rabbit anti-TLR4 
(#Sc30002, Santa Cruz Biotechnology, Dallas, TX); monoclonal 
mouse anti-caspase-1 (casp-1), 1:1,000 (#Sc56036, Santa Cruz 
Biotechnology, Dallas, TX); monoclonal mouse anti-interleukin 
6 (IL-6), 1:1,000 (#Ab9324, Abcam, Cambridge, United Kingdom); 
and monoclonal mouse anti-αSMA, 1:1,000 (#A2547, Sigma-
Aldrich, Saint Louis, MO). After rinsing with Tris-buffered saline 
Tween 20 buffer, membranes were incubated with secondary 
antibodies labeled with HRP. Immunostained bands were detected 
using a chemiluminescence kit (Thermo Scientific, Rockford, 
United  States) and were further analyzed by densitometry with 
a gel documentation system and the Uvisoft-Uviband Max 
software (Uvitec Cambridge, Cambridge, United  Kingdom).

ELISA Analysis
The renal contents of KIM-1 and IL-1β were determined using 
a commercial ELISA kit (R&D Systems, Minneapolis, MN). 
The analyses were performed following rigorously the 
manufacturer’s instructions.

Statistical Analysis
Statistical differences among groups were assessed by one-way 
ANOVA, with pairwise post-test comparisons according to the 
Tukey’s method (Wallenstein et al., 1980). The differences were 
considered significant at p  <  0.05. Results were expressed as 
means ± SE. All calculations were performed using the GraphPad 
Prism 6.01 software.

RESULTS

Although body weight was not significantly changed by GT 
on Day 1 (258  ±  3  g vs. 262  ±  8  g in NC, p  >  0.05), growth 
was limited on Day 30 (281  ±  6  g vs. 298  ±  10  g, respectively, 
p  <  0.05). On Day 180, body growth was similar between 
groups. Whereas group GT remained normotensive on Day 1 
and Day 30, BP was modestly but significantly (p  <  0.05) 
elevated on Day 180 compared to Day 1 (Figure  1A). GT 
rats developed a marked increase in the albumin excretion 
rate on Day 1 (21.4  ±  3.0  mg/24  h vs. 3.5  ±  0.6  in control, 
p < 0.05). Albuminuria regressed on Day 30 (2.9 ± 0.6 mg/24 h 
vs. 2.3  ±  0.4  in control, p  >  0.05), but returned on Day 180 
(25.0 ± 5.5 mg/24 h vs. 7.5 ± 2.1  in control, p < 0.05). Parallel 
changes were noted in the albumin/creatinine ratio (Figure 1B). 
Serum creatinine was prominently elevated on Day 1, returned 
to control on Day 30, and remained at normal levels on Day 
180 (Figure  1C).
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On Day 1, GT rats exhibited a slight but significant decrease 
in serum sodium levels, while a marked increase in the fractional 
excretion of sodium (FENa+) and potassium (FEK+) was observed. 
Both parameters returned to control on Day 30 and remained 
at these levels on Day 180 (Figures  2A–D). Urine osmolality 
was markedly reduced in GT rats on Day 1, returning to 
control levels from Day 30 on Figure  2E. The renal content 
of KIM-1 was strikingly increased on Day 1 (p  <  0.0001), 
and declined progressively on Days 30 and 180, though remaining 
slightly but significantly increased above control levels 
(Figure  2F).

On Day 1, GT-treated rats exhibited widespread acute tubular 
necrosis (ATN), with cell lysis and cellular debris in most 
tubular lumina. Glomerulosclerosis (GS), with segmental areas 
of mesangial expansion and capillary loop occlusion, as well 
as glomerular ischemia (ISCH), with collapse of the entire 
tuft and closure of capillary loops, were also observed. 
Representative microphotographs of ATN, ISCH, and GS, along 
with the frequency of ISCH and GS on Days 1, 30, and 180, 
are shown in Figure  3. Widespread ATN was observed on 
Day 1, but complete tubular cell regeneration was evident on 
Days 30 and 180. Percent ISCH was slightly and not significantly 
increased on Days 1 and 30 but was clearly elevated on Day 
180 (p  <  0.001). The frequency of GS was markedly increased 
on Day 1, regressed on Day 30, but returned to abnormally 
high levels on Day 180.

Representative microphotographs of renal tissue stained by 
immunohistochemistry, focusing on the expression of inflammatory 
components along the study, are shown in Figure  4, whereas 
the corresponding quantitative analyses are given in Figure  5. 
On Day 1, GT rats exhibited intense renal interstitial infiltration 
by macrophages. Of note, M2-type anti-inflammatory cells 
constituted only a small fraction of the infiltrating macrophages. 
AngII-positive cells and myofibroblasts were also conspicuously 
present at this phase. On Day 30, the intensity of macrophage 
infiltration was attenuated, but the anti-inflammatory M2 

phenotype now represented nearly half of its composition. The 
presence of myofibroblasts was also strongly reduced at this 
time, while that of AngII-positive cells remained unabated. On 
Day 180, low-grade renal interstitial macrophage infiltration was 
still observed, whereas myofibroblasts had nearly returned to 
control levels. By contrast, the number of AngII-positive cells 
remained at the same elevated levels as observed on Days 1 
and 30 (p  <  0.0001 vs. NC).

Representative microphotographs showing renal tissue stained 
by immunohistochemistry for collagen-1 and fibronectin are 
shown in Figure 4. Renal deposition of both molecules exhibited 
a progressive increase along the study, becoming significantly 
elevated compared to NC, and indicating that an insidious 
process of fibrosis took place in the renal tissue (Figure  5).

The renal contents of TLR4, IL-6, the active form of caspase-1, 
and IL-1β were all increased in GT rats on Day 1 (Figure  6). 
All these parameters returned to normal on Day 30, except 
for IL-1β. On Day 180, IL-1β remained significantly increased 
compared to controls, whereas IL-6 and caspase-1 were 
again elevated.

DISCUSSION

As shown previously (Nakajima et  al., 1994; Geleilete et  al., 
2002; Volpini et  al., 2004), GT rats developed nephrotoxic 
AKI, with limited body growth, marked creatinine retention, 
and tubular damage, characterized by clear histologic evidence 
of cellular necrosis, along with marked increase in the renal 
content of KIM-1. These tubular structural changes were 
accompanied by severe functional limitation, with a striking 
increase in the fractional excretion of sodium and potassium, 
as well as a drastic fall in urine osmolality. In addition, a 
marked increase in the urine albumin/creatinine ratio and 
low-grade sclerosing tuft lesions indicated that the glomeruli 
were also damaged.

A B C

FIGURE 1  |  Systolic blood pressure (A), urine albumin/creatinine ratios, in mg/mg (B), and serum creatinine (C) assessed on Days 1, 30, and 180 after GT 
treatment in groups NC and GT. Results expressed as means ± SE. ap < 0.05 vs. NC; bp < 0.05 vs. Day 1; cp < 0.05 vs. Day 30.
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FIGURE 2  |  Serum concentration (A) and fractional excretion (B) of sodium; serum concentration (C) and fractional excretion (D) of potassium; and urinary 
osmolality (E) and renal content of KIM-1 (F). Results expressed as means ± SE. ap < 0.05 vs. NC; bp < 0.05 vs. Day 1; cp < 0.05 vs. Day 30.

A B

E F

C D

FIGURE 3  |  Representative microphotographs of renal lesions (PAS-stained, 400×) (A) normal glomerulus; (B) widespread acute tubular necrosis, present on Day 1 
only, with tubular profiles nearly completely devoid of cells and filled by necrotic material; (C) a representative ischemic (ISCH) glomerulus, showing tuft collapse, 
wrinkled basement membrane, and closure of capillary loops, on Day 180; (D) a representative glomerulus with a segmental sclerotic lesion (GS), with occlusion of 
capillary loops by a hyaline material, on Day 180; and (E,F) quantitative analysis of ISCH and GS, respectively, in groups NC and GT. Results expressed as 
means ± SE. ap < 0.05 vs. NC, bp < 0.05 vs. Day 1, and cp < 0.05 vs. Day 30.
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An intense macrophage infiltration was shown on Day 1. 
Only few of these cells were CD206-positive, indicating that 
the M2 subtype did not play a role at this acute phase, and 
that macrophages followed a predominantly proinflammatory 
behavior, as observed in the previous studies of this and other 
AKI models (Geleilete et al., 2002; Jo et al., 2006). Cells staining 
positively for α-SMA, presumably myofibroblasts, were also 
detected at this stage, in agreement with the previous studies 

of either the GT (Geleilete et  al., 2002) or the I/R model 
(Forbes et  al., 2000). Infiltration by cells staining positively 
for Ang II was also observed, indicating local activation of 
the renin-angiotensin system (RAS), not previously shown in 
association with GT nephrotoxicity. This observation is consistent 
with the observed overexpression of α-SMA, and with the 
report of a beneficial effect of losartan in experimental GT 
nephrotoxicity (Heeba, 2011). Together, these findings reinforce 

FIGURE 4  |  Representative microphotographs (in immunohistochemically stained sections, 400×) of renal interstitial infiltration by total macrophages (ED-1-positive 
cells); M2 macrophages (CD206-positive cells); AngII-positive cells; α-SMA-positive cells; and renal interstitial deposition of Collagen-1 and Fibronectin in groups NC 
and GT on Days 1, 30, and 180.
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the notion that ATN, whether resulting from I/R or toxicity, 
is associated with exuberant renal inflammation (Forbes et  al., 
2000; Geleilete et  al., 2002; Iyer et  al., 2009). Of note, renal 
fibronectin accumulation was also observed, indicating that 
incipient renal fibrosis was already present at this early stage.

The renal inflammation observed on Day 1  in rats that 
received GT was associated with a marked increase in the 
abundance of IL-6, one of the main NF-κB targets. This finding 
is consistent with that of Volpini et  al. (2004), who reported 
activation of the NF-κB system 5 days after GT administration. 
In addition, treatment with GT led to an increase in the renal 
abundance of TLR4, caspase-1, and IL-1β, suggesting that the 
NLRP3 inflammasome pathway was also activated. Since what 
was measured was total IL-1β, it cannot be  established with 
certainty whether the renal content of its active form was also 
increased. However, as the renal abundance of caspase-1 was 
also augmented, it is more than likely that this was indeed 
the case.

Taken together, these results indicate that a strong activation 
of innate renal immunity occurred on Day 1, encompassing 
both the NF-κB and NLRP3 pathways. The mechanisms that 
triggered this process have not been determined. Cell remains, 
such as membrane debris and DNA fragments, can function 
as danger-associated molecular patterns (DAMPs), binding to 
TLRs and activating both the NF-κB and NLRP3 inflammatory 
pathways (Anders et al., 2004; Iyer et al., 2009; Martinon et al., 
2009; Lorenz et  al., 2014). In addition, the NF-κB system may 
have been activated by AngII and/or by the presence of oxidative 
stress, as demonstrated in other models (Ruiz-Ortega et  al., 
2000; Mezzano et  al., 2004; Ji et  al., 2009; Heeba, 2011). 
Irrespective of the triggering factors, this process helps to 
explain the development of the intense renal inflammatory 
process that involved the kidneys during the acute phase of 
GT toxicity. It is noteworthy that all these changes took place 
only 1 day after the GT injections, suggesting that they constitute 
a fast response to cell damage/destruction.

A

D

B

E

C

F

FIGURE 5  |  Quantitative analysis. (A) interstitial macrophages, with the CD206-positive fraction represented by the hatched areas; (B) interstitial AngII-positive 
cells; (C) percent cortical α-SMA-positive area (by immunohistochemistry); (D) renal abundance of α-SMA (by Western blot); and (E,F) percent Collagen-1- and 
Fibronectin-positive cortical areas, respectively (by immunohistochemistry), in groups NC and GT on Days 1, 30, and 180. Western blot analysis included seven 
animals per group. Results expressed as means ± SE. ap < 0.05 vs. NC, bp < 0.05 vs. Day 1, and cp < 0.05 vs. Day 30.
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The structural changes observed on Day 1 had completely 
regressed 30  days after GT administration. The glomerular 
sclerosing lesions nearly disappeared, indicating that they had 
reflected readily reversible processes, such as mesangial matrix 
deposition, with no permanent structural damage. The associated 
functional changes also regressed, with normalization of plasma 
creatinine and albuminuria. There was also full recovery from 
tubular necrosis, with cell regeneration and return of the renal 
KIM-1 content to normal values. Tubular function was also 
restored, with normalization of fractional sodium and potassium 
excretion, in addition to full recovery of urine concentrating ability.

Renal inflammation also regressed on Day 30. Macrophage 
infiltration lost intensity, while subtype 2 (CD-206-positive) 
anti-inflammatory cells now represented 45% of the total cell 

count, compared to 6% on Day 1. Likewise, myofibroblast 
infiltration declined to values no longer significantly different 
from those observed in NC. Together, these findings seemed 
to indicate that, 1  month after the GT insult, the intense 
inflammatory process observed on Day 1 had ceased and was 
on the way to complete resolution. However, this regression 
was only partial. The density of Ang II-positive cells remained 
as high as observed on Day 1. In addition, collagen type-1 
deposition, which was not significantly increased on Day 1, 
was now clearly augmented, accompanied by a similar increase 
in fibronectin accumulation, each taking up a much larger 
fraction of the renal cortex than in control rats. Innate immunity 
also remained activated as: although the renal contents of 
caspase-1 and TLR-4 were normalized, IL-1β and the p65 

A B

C D

FIGURE 6  |  Representative Western blots and quantitative assessment of the abundance of Toll-like receptor 4 (A), Interleukin-6 (B), Caspase-1 (C), and renal 
content of IL-1β by ELISA (D) in groups NC and GT on Days 1, 30, and 180. Western blot analysis included seven animals per group. Results expressed as 
means ± SE. ap < 0.05 vs. NC, bp < 0.05 vs. Day 1, and cp < 0.05 vs. Day 30.
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moiety remained at levels similar to those observed on Day 
1. Thus, a silent inflammatory process, associated with, and 
likely fueled by, an equally quiescent activation of innate 
immunity, was operative at this time point.

In the present study, rats acutely exposed to the nephrotoxic 
effects of GT were followed for an unprecedented 180  days 
after treatment. At the end of this period, only residual 
signs of tubular injury remained, as indicated by a decrease 
of urinary KIM-1 to levels only slightly above control, while 
the fractional excretion of sodium and potassium, as well 
as urinary osmolality, stayed at control levels. However, several 
signs of an insidious CKD were now apparent. Although 
serum creatinine remained close to normal, glomerular 
sclerosing lesions, which had regressed on Day 30, now 
reappeared; a considerable fraction of the glomeruli exhibited 
changes characteristic of ischemia; and albuminuria returned 
with the same intensity observed on Day 1. These findings 
indicate that, despite the apparent regression observed on 
Day 30, the glomerular injury initiated by GT administration 
remained active.

The renal inflammation observed on Day 1 also appeared 
to have completely subsided on Day 180, with macrophages 
(both total and CD206-positive) and myofibroblasts down to 
normal values. However, other findings indicated that low-grade 
renal inflammation persisted. Cortical infiltration by AngII-
positive cells remained unabated, indicating continued RAS 
activation. Moreover, renal accumulation of collagen-1 and 
fibronectin was still evident, indicating persistence of renal 
fibrosis. As to innate immunity, the renal content of IL-1β 
was still abnormally high, albeit at more modest levels than 
initially observed, while the abundance of caspase-1, which 
had returned to normal on Day 30, was once again heightened. 
On the other hand, the abundance of IL-6 was still significantly 
elevated compared to NC values, consistent with persistent 
activation of the NF-κB system.

The development of insidious renal inflammation following 
resolution of an acute insult has been reported in our laboratory 
and elsewhere utilizing differing experimental models of 
CKD.  Rodríguez-Iturbe et  al. showed that rats undergoing 
temporary treatment with L-NAME developed permanent 
renal  inflammation and salt-sensitive arterial hypertension 
(Rodríguez-Iturbe et  al., 2012; Franco et  al., 2013). In our 
study, renal inflammation, along with increased local AngII 
production, may help to explain why hypertension developed 
after AKI had subsided. It must be  noted that angiotensin II 
produced outside the afferent arteriole acts much as a 
proinflammatory cytokine, rather than promoting hypertension 
by a systemic effect. This dichotomy helps to explain the 
dissociation between blood pressure and the amount of cells 
staining positively for angiotensin II, observed in this and in 
the previous studies (Mattar et  al., 2007; Franco et  al., 2013).

Slowly progressive nephropathy after acute injury was also 
shown by Anderson et al. (1988), who described the development 
of progressive glomerulosclerosis after treatment with puromycin 
aminonucleoside that led to short-lived massive proteinuria. 
Likewise, Fujihara et al. (2006) and Mattar et al. (2007) showed 
that rats subjected for a short period to NO inhibition by 

L-NAME developed progressive glomerulosclerosis associated 
with renal interstitial fibrosis. The reasons for these transitions 
have not been elucidated. In the present study, CKD could 
result from a marked reduction in the number of nephrons, 
leading to overload of the remaining glomeruli and intracapillary 
hypertension, as previously demonstrated for other CKD 
models (Anderson et  al., 1988; Fujihara et  al., 2000, 2007). 
However, this explanation seems unlikely, since creatinine 
retention was not observed on Days 30 and 180. Moreover, 
the intensity of glomerular damage was only moderate, less 
than 2% of glomeruli showing sclerosing lesions. An attractive 
possibility is the lasting activation of the local RAS, previously 
demonstrated in other CKD models (Fujihara et  al., 2006; 
Mattar et al., 2007), which could help explain both glomerular 
and tubulointerstitial injury. The mechanism of continued RAS 
activation after recovery from GT-induced AKI is uncertain. 
It is noteworthy that evidence of equally persistent NF-κB 
and NLRP3/IL-1β activation was also observed in GT rats. 
AngII can activate the NF-κB system by degrading the I-κB 
inhibitory factor (Ruiz-Ortega et  al., 2000; Douillette et  al., 
2006). Conversely, activation of the NF-κB system stimulates 
the expression of the AT1 receptor (Klahr and Morrissey, 
2000; Luo et  al., 2015). Similar interactions have been shown 
between the NF-κB and the NLRP3/IL-1β systems (Solt et  al., 
2007; Verstrepen et  al., 2008; Zambom et  al., 2019). These 
reciprocal effects can help explain the lasting activation of 
these systems, as well as the perpetuation of renal fibrosis 
in GT-treated rats. An additional possibility is represented 
by the transformation of endothelial cells and/or macrophages 
into myofibroblasts, a process observed in experimental models 
of fibrosis, such as adriamycin nephropathy, unilateral ureteral 
obstruction, and, most pertinent to our findings, AKI to CKD 
transition (Li et  al., 2007; Tang et  al., 2020).

In summary, rats that received GT for 9 days showed evident 
signs of AKI, with tubular necrosis, loss of renal function, 
and intense renal inflammation. Although structural and 
functional changes had regressed 30 days later, some important 
elements of inflammation persisted, along with activation of 
the RAS, the NF-κB system, and the NLRP3 pathway. One 
hundred and eighty days after the administration of GT, 
albuminuria, glomerular injury, and interstitial fibrosis had 
recurred, accompanied by evidence of sustained activation of 
the RAS, the NF-κB system, and the NLRP3/IL-1β pathway. 
These observations indicate that long-term renal fibrosis does 
occur after gentamicin-induced renal injury, and may 
be  mediated, and perpetuated, by continuing renal activation 
of the RAS and of innate immunity. Targeting the NF-κB and/
or the NLRP3 inflammasome systems may represent a new 
strategy in the effort to prevent the progression of renal fibrosis 
and, in particular, the AKI-CKD transition.
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Inflammation is a key characteristic of kidney disease, but this immune response is

two-faced. In the acute phase of kidney injury, there is an activation of the immune cells

to fight against the insult, contributing to kidney repair and regeneration. However, in

chronic kidney diseases (CKD), immune cells that infiltrate the kidney play a deleterious

role, actively participating in disease progression, and contributing to nephron loss and

fibrosis. Importantly, CKD is a chronic inflammatory disease. In early CKD stages, patients

present sub-clinical inflammation, activation of immune circulating cells and therefore,

anti-inflammatory strategies have been proposed as a common therapeutic target for

renal diseases. Recent studies have highlighted the plasticity of immune cells and the

complexity of their functions. Among immune cells, monocytes/macrophages play an

important role in all steps of kidney injury. However, the phenotype characterization

between human and mice immune cells showed different markers; therefore the

extrapolation of experimental studies inmice could not reflect human renal diseases. Here

we will review the current information about the characteristics of different macrophage

phenotypes, mainly focused on macrophage-related cytokines, with special attention to

the chemokine CCL18, and its murine functional homolog CCL8, and the macrophage

marker CD163, and their role in kidney pathology.

Keywords: macrophages, cytokines, kidney disease, CCL18, inflammation, CCL8

INTRODUCTION: ROLE OF IMMUNE CELLS IN THE ONSET AND
PROGRESSION OF KIDNEY DISEASE

Renal inflammation arises as a protective response after kidney injury to fight against the
initial insult and to establish tissue repair. However, if the reparative processes fail, this
inflammatory response could be deleterious, participating in the kidney disease progression
(1). This inflammatory response involves many different populations of immune infiltrating
cells, including monocytes/macrophages, neutrophils, CD8+ and CD4+ lymphocytes, dendritic
cells, mast cells and natural killer cells (2). Importantly, in chronic kidney disease (CKD),
regardless of the underlying etiology, there is a persistent activation of the inflammatory response,
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characterized by immune cell recruitment throughout the
kidney, leading to a local overproduction of growth factors
and pro-fibrotic cytokines. This altered environment could
activate different cellular and molecular processes, which cause
progressive nephron loss and glomerular and interstitial fibrosis,
leading to end-stage kidney disease and/or premature death
(1–3). CKD is emerging as an important health problem due
to the absence of early diagnostic biomarkers and effective
treatments. Although many in vitro and experimental studies
have extensively characterized the distinctive macrophage
phenotypes in physiological and pathological conditions, the
differences between human and murine macrophages complicate
the extrapolation of preclinical results into human kidney disease,
being a limitation on approaching macrophages as a therapeutic
target to treat human CKD. Now, we review the macrophage
characteristics and phenotypes, comparing human and mice
data, and focused on novel macrophage-related cytokines as
biomarkers or therapeutic targets for kidney disease. We will
focus in two interesting candidates, the macrophage derived
chemokine CCL18, as well as its murine functional homologCcl8,
and the macrophage marker CD163.

MACROPHAGE CHARACTERISTICS AND
PHENOTYPES

Macrophages are innate immune cells and the main component
of the mononuclear phagocyte system. Therefore, they are crucial
in host defense against pathogens. Furthermore, macrophages
are present in almost every organ in adult mammals, where
they participate in multiple cellular processes and play a major
role in the maintenance of tissue homeostasis (4). Macrophages
are considered as tissue sentinels that maintain tissue integrity
by eliminating senescent and dead cells, and debris (5).
Moreover, they also participate in extracellular matrix (ECM)
remodeling, mainly through matrix metalloproteinases (MMPs)
release (6), and in the restoration of lost cells and intercellular
matrices through the production of various regenerative growth
factors (4).

Tissue resident macrophages (TRMs) can be classified into
two different subtypes depending on their origin; one derived
from circulating monocytes (7–9), and the other from embryonic
precursors that are able to locally proliferate and self-renew (10,
11). Monocytes are limited to the blood compartment, the spleen
and the bone marrow (12), but in response to inflammation,
and guided by the cytokine milieu and/or interactions with other
cells and microbial products, monocytes are quickly recruited
into injured tissues and then differentiate into several specific
macrophage phenotypes depending on micro-environmental
signals (8, 13).

Macrophage Polarization: M1 and M2
Phenotypes
Plasticity is the hallmark feature of macrophages. The term
“macrophage polarization” is used to refer to an estimate of
macrophage activation status and phenotype (11). The M1/M2
polarization axis was originally defined in the 1990s (14) to

describe the dichotomy in macrophage function regardless of
cytokines: classically activated macrophages/M1 microbicidal
macrophages and alternatively activated macrophages/M2
macrophages (Figure 1). M1 macrophages participate in the
infection clearance and act as an initial defense barrier. The
M1 phenotype is generated in response to pro-inflammatory
stimuli, such as pathogen/danger-associated molecular patterns
(PAMPs or DAMPs) in the presence of interferon gamma
(IFN-γ) (14, 15). M1 cells are characterized by their ability
to secrete significant amounts of pro-inflammatory cytokines
including tumor necrosis factor alpha (TNF-α), interleukin-1β
(IL-1β), interleukin-6 (IL-6), interleukin-12 (IL-12), interleukin-
15 (IL-15), interleukin-18 (IL-18), and interleukin-23 (IL-23)
(16–18). M2 macrophages can be a “two-edged sword.” On one
side, the anti-inflammatory phenotype is essential for adequate
tissue repair; on the other side, it is a potential mediator of
fibrosis and scarring (15). These M2 macrophages can release a
different cytokine profile, such as transforming growth factor-β1
(TGF-β1), interleukin-10 (IL-10), C-C Motif Chemokine Ligand
17 (CCL17), C-C Motif Chemokine Ligand 18 (CCL18) and
C-C Motif Chemokine Ligand 22 (CCL22) (Figure 2) (19–24).
The macrophage population is currently thought to represent
a continuous phenotype ranging between M1/M2 extremes
and including other ill-defined populations, as commented
above (Figure 1). Moreover, the M1/M2 classification is not
representative of in vivo events, given that M1 and M2 stimuli
do not exist alone in tissues. While a much broader spectrum of
innate immune responses has been characterized, the M1/M2
axis remains the main macrophage polarization axis in vivo (25).

Most of the earliest studies on macrophage polarization were
based on in vitro stimulation with different combination of
cytokines. One of the most important regulators of macrophage
differentiation is the colony-stimulating factor 1 receptor
(CSF1R). This is a transmembrane tyrosine kinase receptor
expressed on almost all mononuclear phagocytic cells (26).
Csf1r gene deletion depleted macrophages in several tissues.
Although this study demonstrates its key role in macrophages
development, it also showed that some macrophages were still
present, indicating the involvement of other growth factors
in macrophage differentiation (27), including Granulocyte-
macrophage colony-stimulating factor (GM-CSF), interleukin-3
(IL-3), vascular endothelial growth factor (VEGF), and fms-like
tyrosine kinase 3 ligand (Flt3L) (28–30). Macrophages respond in
different ways to macrophage colony-stimulating factor (M-CSF)
and GM-CSF with substantial polarizing effects. These factors
have been used to study in vitro differentiation/polarization
of macrophages (31–33). In this sense, GM-CSF activates the
inflammatory program and extensive DNAmethylation changes,
while M-CSF-polarized cells (less differentiated state) show
characteristics of anti-inflammatory repairing macrophages (33).
Further research led to a sub-classification of M2 macrophages
into M2a, M2b, and M2c described as wound-healing, immune
complexes-related or regulatory macrophages, respectively (11,
16, 34). M2a activation induced by IL-4 or IL-13 was associated
to changes in surface markers, including decreased CD14
expression, and upregulation of mannose receptor (CD206),
CD209, and CD23. In M2a macrophages, pro-inflammatory
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FIGURE 1 | Macrophage polarization. Macrophages (Mθ) have a great plasticity and have different functional activation states and phenotypes that allow different

specialized functions. The macrophage population represents a continuous phenotype ranging between M1/M2 extremes, characterized by a specific secretome

(mainly cytokine and chemokines) and surface markers.

cytokine expression is lower than in M1, but they release several
factors, including CCL18 and vascular Endothelial Growth
Factor (VEGF) (35). M2a can also secrete ECM components,
like soluble fibronectin, and therefore their primary function is
thought to be related to wound healing and tissue remodeling
and repair (36). M2b cells are elicited in vitro by stimulation with
LPS or IL-1β plus high concentrations of immune complexes.
M2b macrophages are considered as functional converter of M1
cells with low IL-12 and high IL-10 production. Interestingly,
they selectively produce the C-C Motif Chemokine Ligand
(CCL1) (37). The M2c category includes cells stimulated with
IL-10, TGF-β1 and glucocorticoids, being a heterogeneous
group, but characterized by high expression of the surface
marker CD163 (38). RNAseq studies have identifiedM2c-specific
genes associated with angiogenesis, matrix remodeling, and
phagocytosis, including CD163 (39). Accordingly, the analysis
of the M2c macrophage-conditioned media revealed elevated
production of MMPs (39). Due to the controversies in the

field, a specific nomenclature for cytokine-induced macrophage
polarization in vitroM (cytokine) have been proposed (40).

Originally, the distinction between M1 and M2 phenotypes
was also based on differences in arginine metabolism (14),
but recent research has unraveled the metabolic differences
associated with macrophage phenotype switching (41). As an
overview, and based on the premise that M1 macrophages kill
pathogens and M2 resolve inflammation and tissue repair, M1
are more likely to be involved in catabolic pathways, and M2
in anabolic ones (42). Therefore, M1 tend to rely on working
aerobic glycolysis likewise fatty acid biosynthesis, because of the
speed of producing ATP, but it also have impaired oxidative
phosphorylation (43). Moreover, in M1 macrophages, nitric
oxide synthase is highly expressed, playing an essential role in the
M1 function of killing pathogens, being nitric oxide the source
of reactive oxygen species (ROS) with antimicrobial properties
(36, 44). On the other hand, M2 are more suitable to trigger
fatty acid oxidation as energy-production pathway (42). These
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FIGURE 2 | Macrophages derived cytokines can contribute to kidney damage. Macrophages can secrete a large array of molecules, including producing

pro-inflammatory mediators, including IL1, Il6, and TNF, anti-inflammatory cytokines, such as IL-10, and profibrotic factors, like TGF-β. Among the M2 macrophage

related factors CCL18 is a recent described cytokine and a potential biomarker of disease progression.

macrophages secrete insulin-like growth factor 1 (IGF-1) (45),
TGF-β1, and VEGF (46), as well as use arginine to produce
precursors of collagen (47), thereby dampening inflammation.

Though we are aware that it may represent an
oversimplification, since most of the previous literature has
used the M1/M2 classification nomenclature, this terminology
has been maintained in some parts of this review.

Comparison of Human and Mammalian
Macrophages: Limitations, Similarities, and
Future Perspectives
A limitation in the field of macrophage research is the
extrapolation of preclinical studies to humans. Macrophages play
a key role in the inflammatory response, but the pathogen type
that infects humans can be different from other species, including
rodents, as well as the molecules released by macrophages to
control infections.

The studies investigating M1/M2 macrophage polarization,
some of them included in the previous section, were done using
mouse or humanmacrophages of different cell sources; including
isolated circulating monocytes, bone marrow-derived cells or

peritoneal macrophages, as well as established cell lines (such
as THPs or RAW 264.7). A macrophage comparative study
evaluating different cell sources depicted similarities between
mouse and human cytokine profiles stimulated with a specific
combination of cytokines, such as CXCL-10 and CXCL-11 for
M (LPS,IFN) and CCL17 and CCL22 for M (IL4, IL13)-induced
macrophage polarization (48). Although murine M1/M2-

polarized macrophage subsets can be distinguished on the basis

of combinatorial gene expression profiles, the identification of
equivalent subsets in humans is still unresolved. Another key

point is the specific M1/M2 macrophage subsets markers. In

humans, similarly to mice, three monocyte subsets have been
described according to differential expression of CD14 and CD16

on HLA-DR+ cells (49). In human macrophages, CD68 is a
general marker, whereas HLA-DR and CD163 are M1 and M2

markers, respectively (49, 50). Murine and human macrophages
express the antigens CD68, CD11b, CSF1R, and CD163 (5).
F4/80 is expressed on most tissue macrophages in the mouse
and it has been extensively studied by immunohistochemistry,
but has limited usefulness in humans as F4/80 is predominantly
expressed on eosinophils (51). Recent research is focused on
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the search of additional markers. The early growth response
protein 2 (Egr2) and c-Myc have been described in murine
models to identify in vivo polarized M2 cells. One the other
hand, some in vivo pro-inflammatory factors have been shown
to be M1 macrophage markers, such as G-protein-coupled
receptor 18 (Gpr18), formyl peptide receptor 2 (Fpr2), CD40,
and CD38 (52, 53). Among them, CD38 could be also a
marker of M1 pro-inflammatory macrophages in humans (54).
Comparative biology, together with omics technologies, such
as transcriptomics, metabolomics, proteomics, and epigenomics
could potentially be employed to assess similarities between
mouse and human macrophages (4). Recently, the single-cell
RNA sequencing across multiple mammalian species has led
to the identification of CD74 and CD81 as surface markers
for kidney resident macrophages (55). Future studies in human
biopsies of different pathologies using cutting edge technologies
will reveal human macrophages characteristics in each state of
the disease.

MACROPHAGES IN RENAL DISEASES:
PHENOTYPES AND FUNCTIONS

Macrophages participate in immune surveillance and in the
regulation of kidney homeostasis. The macrophage response
to kidney injury varies enormously depending on the nature
and duration of the insult (23). Macrophages participate in the
inflammatory response, both in acute kidney injury (AKI) and in
CKD. They can promote kidney repair or contribute to the AKI-
to-CKD transition and fibrosis, highlighting their remarkable
plasticity (2, 56).

Macrophages in AKI: From Preclinical Data
to Human Studies
Macrophages can actively participate in all AKI-related
processes, including cell death, resolution/regeneration phase
or progression to kidney fibrosis (57). Importantly, macrophage
phenotypes can change along AKI, depending on disease
stage and evolution. Circulating classical monocytes (CD11b+
Ly6Chigh in the mouse or CD14highCD16low in humans) are
recruited into the kidney, where they differentiate to pro-
inflammatory M1 macrophages during the early phase of
renal injury, in response to infection or cell damage (23).
Many preclinical data suggest that M1 macrophages play a
pathogenic role in the early phases of AKI. Studies done in
the model of folic acid in mice showed an upregulation of
cytokines and chemokines, such MCP-1/CCL2 (the main
macrophage chemotactic factor) associated to the presence of
M1 macrophages in the injured kidney at 48 h (58). Moreover,
in ischemia-reperfusion injury (IRI) in mice M1 macrophages,
identified by their high expression of iNOS, IL-12, IL-23,
and Ly6C, were detected also at 48 h (59). Accordingly,
depletion of kidney macrophages by liposomal clodronate
(LC) at the early stages of IRI reduces AKI and improves renal
repair. Furthermore, adoptive transfer of IFN-γ-stimulated
macrophages in LC-treated IRI mice worsens AKI (49).
Following AKI, once pathogens or injured cells are cleared up,

a rapid polarization of macrophage phenotypes is necessary
for tissue regeneration. During the regeneration process
there is a restoration of the polarized tubular epithelium and
basement membrane integrity, together with neovascularization,
ensuring the recovery of tissue oxygenation by the injured
microvasculature, leading to the reestablishment of the tubular
cell functionality (60, 61). Therefore, a decrease in infiltrating
M1 macrophages is essential to minimize injury of surrounding
cells, since macrophages release cytotoxic compounds that
do not distinguish self from exogenous pathogens (62, 63).
Preclinical studies have described high levels of IL-4, IL-10,
and IL-13, leading to a macrophage switch to M2 phenotype
characterized by high expression of arginase-1 (Arg1), mannose
receptor (MR, also termed CD206), chitinase-like protein
(e.g., Ym1), resistin-like protein (Fizz1) and CD36 (fatty acid
translocase), associated with down-regulated expression of
proinflammatory markers (i.e., IL-12 and iNOS) (49). On the
other hand, the prolonged presence of infiltrating macrophages
in the kidney might be associated with persistent release of
wound-healing growth factors, such as TGF-β1. This may turn
the initial wound healing process to pathological one, resulting
in further tissue damage, and contributing to the AKI-to-CKD
progression, and irreversible fibrosis (64). Nevertheless, data
on human macrophage phenotypes and related cytokines in
healthy and AKI kidneys have been scarcely studied, limiting
the translation of preclinical studies to humans. Moreover, the
mechanisms enabling macrophage switch from the M1 to M2
subset remain unclear (49). Studies of human AKI biopsies have
identified macrophages as the main cell type infiltrating the
kidney that persist during tissue repair, being CD163 expressing
-macrophages the predominant phenotype in the late phase of
AKI (50, 61). Future studies in human AKI at different disease
stages are needed.

Macrophages in CKD
Kidney infiltration by macrophages is common in human
CKD. The magnitude of macrophage infiltration correlates
with the severity of kidney injury suggesting an effector
function of macrophages in CKD (19). However, the role
of M1/M2 macrophages in human CKD progression is still
poorly understood. In experimental progressive CKD, M1
macrophages are present in the early phases of inflammation (23)
and, as this process progresses, M2 macrophages predominate
to encourage repair and/or fibrosis (65), as described in
unilateral ureteral obstruction (UUO) model (57, 66, 67).
Some studies have suggested that the M1/M2 macrophage
balance could influence CKD development (68, 69). Both
M1 and M2 responses coexist during CKD (68). Indeed, M2
macrophages could originate from M1 macrophages or from
proliferation/differentiation of monocytes (23, 65, 68). Some
evidences suggest that macrophages can directly promote kidney
fibrosis. The CD206+ subset of M2 macrophages is strongly
associated with kidney fibrosis in both human and experimental
diseases (23). Indeed, bone marrow-derivedM2-type pro-fibrotic
macrophages are highly proliferative, which may contribute to
promote kidney fibrosis in experimental models such as UUO
and the Adriamycin nephropathy (70–72).
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Macrophages in Hypertension and Related
Kidney Damage
In experimental hypertension, M2 macrophages expressing
Mouse Chitinase 3-like 3(Chi3l3)/YM1were associated with renal
fibrosis (73). Macrophages may promote hypertension through
the generation of M1 cytokines, such as TNF-α, IL-6, and IL-
1β, and reactive oxygen species (ROS) resulting in enhanced
renal sodium retention and organ damage (74, 75). In this sense,
recent studies suggest that the pro-inflammatory cytokine IL-
17A, produced by CD4+/T and γδ-lymphocytes, but by not
macrophages, plays a key role in the onset of hypertension and
in hypertensive end-organ damage, such as the heart, vessels
and kidneys (76, 77). However, the Th17 phenotype is sustained
by interleukin-23 (IL-23), produced mainly by M1 macrophages
(16), showing an interplay between macrophages and immune
cells in hypertension.

NOVEL MACROPHAGE-DERIVED
FACTORS AS POTENTIAL BIOMARKERS
IN CKD

Macrophages can release a wide array of cytokines, which varies
depending on pathological conditions. One well-known product
of macrophages is MCP-1/CCL2, a chemokine driving their
recruitment into injured tissues (78). Some clinical data suggest
that MCP-1/CCL2 could be a biomarker of kidney fibrosis and
function decline (79, 80). As commented above,M1macrophages
can produce TNF-α, IL-1β, IL-6, IL-12, IL-15, IL-18, and IL-
23 whereas M2 macrophages release TGF-β1, IL-10, CCL17,
CCL18, and CCL22 (Figure 2). Therefore, macrophage-derived
biomarkers in blood and other biological fluids can reflect
the activation of macrophage populations in tissues. In this
sense, IL-6 is now considered an important cardiovascular risk
biomarker (81). Some of these macrophage-derived cytokines
can be relevant as biomarkers of kidney disease progression.
Additionally, in the AKI-to-CKD transition, the evaluation of
M1/M2 macrophage markers or secretome-derived factors can
be used to monitor disease progression and/or remission (23).
We will now focus in two interesting candidates, the macrophage
derived cytokine CCL18, and the macrophage marker CD163.

CCL18 and Macrophage Functions
Chemokine (C-C motif) ligand 18 (CCL18) regulates several
inflammatory and immunological processes, participating in
cell recruitment (82, 83) and in phenotype transformations in
cancer cells (84). This chemokine is constitutively expressed
in the lung and in antigen presenting cells, such as dendritic
cells and keratinocytes (83). CCL18 is one of the most
highly expressed chemokines in human chronic inflammatory
diseases, including allergies, fibrotic disorders and certain
cancers (83). As commented before, M2 macrophages secrete
high amounts of CCL18 (35). Moreover, stimulation of
monocyte/macrophages with CCL18 induces an M2 spectrum
macrophage phenotype (20).

CCL18 as Biomarker of Disease Progression

In some diseases, CCL18 levels are used as a biomarker
of disease progression, for instance in Gaucher disease (85)
idiopathic pulmonary fibrosis (86), and chronic periaortitis (87),
as well as in several proliferative disorders, including breast (88)
and lung (89) cancer, glioblastoma (90), bladder cancer (91),
osteosarcoma (92), and prostate cancer (93, 94). However, there
is scarce information in kidney diseases. Serum CCL18 levels
were proposed as a biomarker of disease activity in ANCA-
associated crescentic glomerulonephritis (95). In patients with
CKD undergoing peritoneal dialysis treatment, CCL18 levels
in peritoneal effluent correlated with progressive ultrafiltration
failure and peritoneal fibrosis, suggesting that CCL18 could also
be a biomarker of peritoneal damage (96).

Mouse CCL8 Is the Functional Analog of Human

CCL18 and Shares CCR8 as Functional Receptor

The human CC chemokine receptor 8 (CCR8) is a seven-
transmembrane-spanning G protein–coupled receptor, whose
canonical ligand is Chemokine (C-C motif) ligand 1 (CCL1/I-
309) (97). CCL18 was recently discovered as another CCR8
agonist with less affinity than CCL1 (98). CCR8 is expressed
mostly in monocytes and thymus and acts as chemoattractant
receptor for Th2 cells (99). Moreover, this receptor was found
in lymphocytes in human healthy skin for preserving tissue
homeostasis (100). However, CCR8 is not expressed in human
kidneys in normal or pathological conditions, such as renal
transplant rejection (101). In contrast, CCR8 expression was
detected mainly in tumor renal cells of human renal cell
carcinoma (102). Accordingly, upregulated expression of CCR8
has been described in circulating cells of patients with bladder
and renal carcinoma (103).

Human CCL18 and mouse chemokine (C-C motif) ligand
8 (CCL8), named here as mCCL8, have been proposed to be
functional analogs (98). The CCL18 gene has only orthologs in
primates (104), whereas mouse Ccl8 gene (also known asMcp-2)
lacks a human ortholog as showed by phylogenetic analysis and
synteny mapping, but binds to CCR8 (105), and shares functions
with CCL18 (98). Importantly, human CCL8/MCP2 is a different
cytokine, exerting chemotactic actions for macrophages, and
signaling through CCR1 and CCR5 (106). Therefore, to avoid
confusion along the manuscript we have named mouse CCL8
here as mCcl8.

Human CCL18 and Mouse CCL8 in Human and

Murine Kidney Disease, Respectively

A microarray analysis of renal biopsy samples of patients
with newly diagnosed ANCA-associated crescentic
glomerulonephritis identified CCL18 as the most upregulated
gene (95). Immunohistochemical analysis identified myeloid
dendritic cells and CD68+ macrophages as CCL18-producing
cells, and determined that the density of CCL18+ cells
correlated with interstitial inflammation, crescent formation
and impairment of renal function at the time of biopsy. Serum
CCL18 levels also correlated with kidney disease activity, being
lower in patients with immunosuppressive rescue therapy and
higher in relapsing kidney disease (95). In accordance to these
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data, we found that CD163+/CCL18 expressing macrophages
colocalized with Gremlin protein expression in another cohort
of patients with ANCA-associated crescentic glomerulonephritis
(107). In this study, we proposed urinary Gremlin levels
as a potential biomarker of disease progression, showing a
parallelism to CCL18. Despite these comprehensive studies,
there are no published data on CCL18 in other human kidney
diseases. In cultured human tubular cells, CCL18 increased the
production of fibronectin in diabetic conditions (108). On the
other hand, there is scarce information about the role of mCCL8
in preclinical kidney disease. In murine renal artery stenosis,
kidney mCcl8 gene expression was higher than in control mice
(109). However, in cultured murine tubular cells, we have found
that these cells lack Ccr8 expression and were not responsive to
mouse recombinant CCL8 protein (110). In experimental folic
acid-induced AKI, kidney mCcl8 expression was unchanged in
the acute phase (24–72 h). However, kidney mCcl8 expression
was upregulated at 7 days, a time point associated to the
AKI-to-CKD transition. In UUO, kidney mCcl8 expression was
already increased at 5 days (111), and increased progressively
over time (Figure 3). The evaluation of M1/M2 cytokine profiles
showed that kidney mCcl8 expression correlates to M1-related
cytokine downregulation and M2 cytokine overexpression.
Therefore, these data suggest a potential role of mCcl8 in mouse
macrophage polarization toward the M2 phenotype, helping to
maintain chronic inflammation and favoring kidney fibrosis.

We previously showed that increased M2 macrophage
numbers associated to peritoneal CCL18 effluent concentrations
in patients with CKD undergoing peritoneal dialysis (96).
Moreover, in a murine model of exposure to peritoneal dialysis
fluids (112) we have found that mCcl8 expression was increased
associated to macrophage infiltration (113), supporting the
concept of mouse Ccl8 as a functional analog of human CCL18.

CD163 in Kidney Injury
CD163 is a glycosylated membrane protein, member of the
scavenger receptor cysteine-rich family, also known as the
hemoglobin scavenger receptor (13, 114, 115). CD163 is
expressed nearly exclusively by cells of monocytic origin (e.g.,
monocytes, macrophages, some dendritic cells, and some tumor
cells) presenting high expression levels in macrophages (13,
114, 115). By ectodomain shedding, the extracellular portion of
CD163 can be released from the cell surface into circulation, in
a process regulated by ADAM17/TACE (tumor necrosis factor
α-converting enzyme) (116). Soluble CD163 (sCD163) is stable
and measured easily in serum, and has been investigated as
potential biomarker of macrophage activation in various disease
contexts (117–119).

CD163 functions have been extensively reviewed (120, 121).
Early studies described that CD163 expression is a hallmark of
the wound healing macrophage, related to the resolution phase
of inflammation after cardiopulmonary bypass surgery (122) and
in human inflammatory skin disease induced by Cantharidin
(123). Some studies in animal models of renal damage pointed
out the key role of CD163 in the beginning and progression
of renal disease (124–126). In AKI induced by experimental
rhabdomyolysis increased levels of M1 macrophages were

observed in the early pathological stages. These macrophages
suffer a partial differentiation to M2 phenotype characterized by
CD163 overexpression via HO-1 activation and IL-10 release.
Moreover, peritoneal macrophages stimulated by myoglobin can
induce fibrosis through the regulation of profibrotic mediators,
such as TGF-β and CTGF/CCN2 (124). In cisplatin-induced
nephrotoxic damage in rats increased levels of CD163 M2
macrophages associated to fibrosis were found (126). Other
study in Lupus nephritis (LN) in mice described an increased
CD163+/CD68+cell ratio. In addition, Cd163 gene expression
was increased in LN mice while Ho-1, levels were reduced, the
last one associated to elevated Bach1 and Il-6 expression. The
gene blockade of Bach1 in mice (Bach1-deficient MRL/lpr mice)
improved the loss of renal function in experimental LN assessed
by BUN levels (125).

In vitro studies in human macrophages found that CD163
overexpression induces a change on the cytokine profile
secretion from pro-inflammatory M1-related cytokines to
M2-cytokines (127). Importantly, CD163+/CD68+ macrophages
may be involved in the pathogenesis of proliferative glomerular
crescents, such as in ANCA-associated glomerulonephritis
or active LN. CD163+/CD68+ macrophages were found in
glomerular crescents and were correlated to proteinuria and
to estimated glomerular filtration rate (eGFR) (positively
and negatively, respectively) (128). Moreover, two different
M2 macrophages populations, CD163+ and CD206+, were
mainly expressed in fibrous crescents and were more common
in Lupus nephritis (LN) and ANCA-associated vasculitis
than in IgA nephropathy and Henoch Schönlein purpura
glomerulonephritis (129, 130). Patients with early stage of
idiopathic membranous nephropathy had higher levels of
circulating CD14+/CD163+, CD14+/CD163+/CD206+,
and CD14+/CD163+/CD206+/CD115+ macrophages in
comparison with healthy controls (131). M2-macrophages
were considered the dominant subpopulation in human
LN and M2a subpopulations were associated with disease
progression (132). In ANCA glomerulonephritis, urinary
CD11b+ and CD163+ correlated with leukocyte recruitment
in the kidney (133). Indeed, urinary sCD163 is a marker of
human glomerulonephritis (118, 134) and active renal vasculitis
(135, 136). On the other hand in LN (119), sCD163 in the urine
is considered as a marker of disease activity and treatment
response (137, 138). Interestingly, CD163+ cells in crescents
of ANCA glomerulonephritis patients colocalized with CCL18
(95) and Gremlin (107). Both CCL18 and Gremlin levels
have been independently proposed as potential biomarkers of
disease progression (95, 107). These two independent studies
suggest that the M2 macrophage secretome could be a source of
biomarkers of kidney disease progression, mainly in crescentic
glomerulonephritis. Accordingly, in peritoneal dialysis patients,
CD163+ macrophages were present in peritoneal effluents
and increased during peritonitis. Moreover, peritoneal CCL18
effluent concentrations correlated with decreased peritoneal
function, showing the contribution of macrophage-derived
cytokines to peritoneal damage and fibrosis (96). Despite there
are few data about sCD163 in human diabetic nephropathy
some studies described that sCD163 levels were also strongly
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FIGURE 3 | Kidney Ccl8 gene expression is associated to M2 cytokines in experimental kidney injury. Kidney Ccl8 expression and M1 and M2-related factors were

evaluated in CKD models: unilateral ureteral obstruction (UUO) and the acute and chronic phase of folic acid (FA) nephropathy mice [data from Cantero-Navarro et al.

(110)].

associated with later development of type 2 diabetes in both lean
and obese subjects, likely reflecting macrophage recruitment in
the adipose tissue (117, 139–143) and in the liver (144–146),
an effect associated to ADAM17/TACE-mediated shedding
of TNF-α and sCD163 (116). Diabetic patients had higher
numbers of circulating CD163+ monocytes (147). In addition,
sCD163 was also identified as a good risk biomarker of
diabetic nephropathy and/or diabetic retinopathy (148). Anti-
inflammatory CD163+ macrophages were elevated in glomeruli
from diabetic patients and were associated with pathological
features such as tubular atrophy, interstitial fibrosis and
glomerulosclerosis (149). In murine RAW264.7 macrophages
preincubated with high glucose, calcitriol (1,25(OH)2D3)
treatment blockaded M1 macrophage activation and M2
phenotype differentiation. The same result was observed in
streptozotocin (STZ)-diabetic rats treated with calcitriol (150).
Moreover, the uremic toxins that are accumulated in the last
stage of renal disease have a role in M2 induction. A study in
THP-1 cells showed that indoxil sulfate (IS) induced CD163
expression and transition to macrophages through AhR/Nrf2
activation (151). Finally, other study linked the increase of fat
mass with elevated levels of sCD163, suggesting that adipose
tissue macrophages play a key role in CKD proinflammatory
state (140).

sCD163 was also been found in heme-related human
kidney injury, such IgA nephropathy (152), intravascular
hemolysis (e.g., paroxysmal nocturnal hemoglobinuria)
(153), favism (154), and rhabdomyolysis AKI (124).
In macrophages of patients with IgA nephropathy and
macroscopic hematuria-related AKI, CD163 was associated
with incomplete recovery of kidney function (152, 155)
describing as the predominant subpopulations in kidney
tissues, the M2a (CD206+/CD68+) and M2b (CD86+/CD68+)
macrophages (130).

TARGETING MACROPHAGE RELATED
PRO-INFLAMMATORY CYTOKINES AS
THERAPEUTIC APPROACH FOR KIDNEY
DISEASE

There have been multiple attempts to inhibit or modulate the
inflammatory response to prevent or retard CKD progression.
The most widely used approaches to modulate macrophage levels
and/or phenotypes have been directed to M1-related cytokines,
such as IL1, IL-6, and TNF-α. We now discuss preclinical
studies targeting those inflammatory mediators and the key
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monocyte/macrophage chemotactic factor MCP-1/CCL2, and
the potential translation to humans.

Interleukin-1 Blockade in Experimental and
Human Kidney Disease
The earliest studies targeting macrophage related cytokines
tested IL-1 strategies. Treatment with an IL-1 receptor (IL-1R)
antagonist (IL-1Ra) ameliorated experimental anti-glomerular
basement membrane antibody-associated glomerulonephritis
(anti-GBM) in rats (156) as well as spontaneous IgA nephropathy
in ddYmice (157). Gene deletion of IL-1 Type 1 Receptor (IL1R1)
or IL-1β demonstrated that IL-1β but not IL-1α contributed to
crescent formation and inflammatory cell recruitment in murine
anti-GBM crescentic glomerulonephritis (158). Similarly, genetic
IL1R1 deletion modestly improved survival and attenuated
cyst volume in experimental murine ADPKD (159). The IL-
1R1 antagonist anakinra prevented nephropathy in diabetic
mice (160). Accordingly, anti-IL-1β antibody attenuated the
progressive loss of kidney function and preserved podocytes in
murine loss of kidney mass in diabetic db/dbmice (161). Human
studies also showed beneficial effects, including improved
vascular endothelial function in patients with non-dialysis-
dependent CKD after 12 weeks of treatment with the IL-1
inhibitor rilonacept, whereas no changes in kidney function
were observed nor expected in such a short follow-up (162).
A clinical trial of the canakinumab (neutralizing antibody
against IL-1β) observed a reduction in the cardiovascular
event rates in atherosclerosis patients with CKD without
modifying kidney function (163). However, a clinical trial of
gevokizumab (antibody against IL-1β) in diabetic kidney disease
was terminated prematurely, based on company priorities (164).

TNF-α Blockade
There are multiple preclinical examples of kidney protection
afforded by anti-TNF strategies. Administration of a pegylated
form of the soluble TNF type 1 receptor (PEG-sTNFR1)
reduced renal fibrosis in experimental rat CKD induced
by renal mass reduction (165) and kidney inflammation
and tubular cell apoptosis in rat UUO (166). Similarly,
TNF-α gene deletion or silencing attenuated kidney injury
induced by high fat diet in mice by reducing fibrosis and
glomerulosclerosis (167). A neutralizing anti-TNF-α antibody
reduced glomerular inflammation, crescent formation, and
tubulointerstitial scarring, and preserved kidney function in
rat anti-GBM crescentic glomerulonephritis (168). An anti-
TNF-α antibody decreased albuminuria, plasma creatinine,
histopathologic changes, and kidney macrophage recruitment
in an experimental type I diabetes in B6-Ins2Akita/MatbJ
mice (169). Moreover, macrophage-specific TNF-α-deficient
mice (CD11bCre/TNF-αFlox/Flox; C57BL/6) presented the same
beneficial effects after streptozotocin-induced diabetes (169).
In high fat diet-induced kidney injury, TNF-α deletion
reduced kidney fibrosis, glomerulosclerosis, oxidative stress,
inflammation and apoptosis (167). Despite promising preclinical
results, targeting TNF-α in human kidney disease for kidney
protection is controversial. A clinical trial of infliximab in
LN failed in the recruitment phase (NCT00368264). However,

anti-TNF-α monoclonal antibodies are used routinely to treat
rheumatoid arthritis (RA), ankylosing spondylitis (AS) or
psoriasis. Thus, there is mixed information on such patients and
kidney disease. Some reports observed that in RA patients with
CKD, anti-TNF-α drugs (adalimumab, etanercept, or infliximab)
had no deletereous effect on kidney function (170) or presented
slower loss of renal function (171). However, cases of AKI, focal
segmental glomerulosclerosis (FSGS) or IgA nephropathy have
been reported in AS, RA, or inflammatory Bowel Disease patients
treated with anti-TNF-α drugs (172–176).

IL-6 Blockade in Experimental and Human
Kidney Disease
Due to the key role of IL-6 in kidney diseases (177), the impact
of targeting IL-6 has been studied. However, preclinical results
differed for some kidney diseases. Neutralizing IL-6 (178), IL-6
receptor (IL-6R) (179) or genetic IL-6 deletion (180) decreased
disease severity in different experimental models of LN in MRL-
Faslpr and NZB/WF1 mice. However, anti-IL-R6 or anti-IL-6
strategies increased the severity of murine anti-GBM nephritis,
while selective inhibition of IL-6 trans-signaling by sgp130Fc
did not (181). Similarly, genetic IL-6 deletion did not decrease
fibrosis in murine UUO (182), whereas treatment with Fc-gp130
reduced inflammation, immune cell infiltration and fibrosis in
both murine UUO and IRI (65). These findings fit well with
the concept that IL-6 classic signaling is anti-inflammatory and
protective, whereas IL-6 trans-signaling is pro-inflammatory.

In addition to inflammation, IL-6 controls glucosemetabolism
and the hypothalamic-pituitary-adrenal axis among other
processes which could result in deleterious effects when IL-
6 is modulated (183). Therapies modulating IL-6 (olokizumab
or clazakizumab) or the α subunit of its receptor (tocilizumab
or sarilumab) have been used clinically to treat inflammatory
diseases, such as RA, systemic lupus erythematous (SLE), diabetes
and, more recently, coronavirus disease 2019 (COVID-19) (184,
185) that may develop kidney disease, but no clinical trial
studied kidney function or renal injury as primary outcome.
An ongoing trial is exploring the efficacy of clazakizumab to
preserve kidney function in highly sensitized patients awaiting
kidney transplantation (NCT03380962) or in kidney transplant
receptors with late antibody-mediated rejection (NCT03444103).

MCP-1/CCL2 Blockade
MCP-1/CCL2 is the main factor driving monocyte recruitment
and differentiation during inflammatory response. Therefore,
MCP-1/CCL2 has been targeted in preclinical kidney disease
(186). Both genetic deficiency of the MCP-1 receptor (CCR2)
or MCP-1/CCL2 antagonism improved LN and vasculitis in
MRL/lpr mice (187, 188). Likewise, MCP-1/CCL2 neutralizing
antibody reduced glomerular macrophage infiltration and
decreased crescent formation in experimental rat and murine
crescentic glomerulonephritis (189, 190). Targeting MCP-
1/CCL2/CCR2 was also protective in experimental diabetic
nephropathy. A CCR2 antagonist (propagermanium) protected
the kidneys in type 1 diabetic mice overexpressing type
2 nitric-oxide synthase (191), MCP-1/CCL2 gene deletion
decreased glomerular and interstitial macrophage accumulation
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and fibrosis in murine STZ-induced diabetic nephropathy
(192), and the MCP-1/CCL2 antagonistic Spiegelmer mNOX-
E36 (emapticap pegol) reduced the number of glomerular
macrophages and improved glomerular filtration rate (GFR)
in uninephrectomized db/db mice (193) and in STZ- diabetic
ApoE knockout mice (194). However, in experimental murine
Alport nephropathy (Col4a3-deficient mice), mNOX-E36
administration reduced glomerular and interstitial macrophage
recruitment, but did not improve glomerular or interstitial
histopathology or survival (195).

In humans, phase 2 clinical trials were promising in diabetic
kidney disease. A selective inhibitor of CCR2 (CCX140-B)
added to standard care (196) and the Spielgelmer NOX-E36
showed evidence of kidney protection in patients with type
2 diabetes and kidney disease (197). However, there are no
current ongoing phase 3 trials. In this regard, the standard
of care has been changed by the efficacy of sodium-glucose
cotransporter-2 (SGLT2) inhibitors and any future trial should
test the efficacy of new drugs on top of SGLT2 inhibition and
renin-angiotensin system (RAS) blockade (198). On the other
hand, there are ongoing phase 2 trials of CCX140-B (Ilacirnon)
for FSGS (NCT03536754, NCT03703908).

POLARIZATION OF M1 TO M2
MACROPHAGES IN EXPERIMENTAL
KIDNEY DISEASE

Inducing macrophage polarization has been also proposed
as a potential approach to reduce the kidney inflammatory
response (21, 199). Strategies to induce macrophage polarization,
that include stimulation with cytokines, miRNAs regulation or
genetic manipulation (199), have been extensively investigated
in preclinical studies to reduce the inflammatory response in
kidney diseases.

Cytokine-Induced Polarized Macrophages
Cell stimulation with different cytokines has been used to
induce macrophage phenotype polarization and polarized cells
were subsequently administered to treat experimental kidney
disease (199). Administration of spleen derived macrophages
(SPDM) polarized to M2 phenotype by IL-4/IL-13 stimulation
ex vivo decreased histological and functional kidney injury
as compared to M1 macrophages in experimental adriamycin
nephropathy (AN) in immunodeficient mice (200). Likewise,
transference of M2 macrophages generated ex vivo by incubation
of SPDM with IL-10/TGF-β1 decreased kidney inflammation,
structural injury and functional decline in the same model
(201). Similarly, the administration of M1 macrophages induced
by incubation with INF-γ increased tubular injury in murine
IRI while M2 macrophages induced by incubation with IL-
4 did not (59). In STZ-induced diabetic mice, transfusion of
SPDM polarized to M2 by incubation with IL-4/IL-13 decreased
tubular atrophy, glomerular hypertrophy, interstitial expansion
and kidney fibrosis (202). In murine nephrotoxic nephritis,
the transfusion of bone marrow-derived macrophages (BMDM)
polarized to M2 phenotype (CD206+) by ex vivo incubation with

IL-4/IL-13 reduced kidney injury, proteinuria, and glomerular
inflammatory cell infiltration (203). Treatment with both BMDM
polarized ex vivo to M2 macrophages by IL-4/IL-13 as well as in
vivo M2 polarization induced by IL-4/IL-13 injections, reduced
renal crystal formation in murine experimental kidney stone
disease (204). A more recent study corroborated the beneficial
effects of M2 transplantation in AKI. Peritoneal macrophages
isolated frommice under peritoneal dialysis were polarized toM2
by incubation with IL-4/IL-13 and then injected into the renal
cortex of mice with experimental ischemia reperfusion injury
(IRI). M2 macrophages administration improved kidney injury
and decreased inflammation compared to those injected with
non-activated (M0) macrophages (205). Finally, the intrarenal
administration of an Elastin-like Polypeptide (ELP-VEGF)
construct induced a clear polarization to M2 macrophage
phenotype in CKD in pigs and improved renal hemodynamics
and fibrosis, despite no differences in renal macrophage
infiltration were found compared to control (206).

Polarized Macrophages Induced by
Genetic Manipulation
Macrophages have been used successfully in cell therapy to
deliver targeted therapeutic genes in models of inflammatory
kidney disease. The adoptive transfer of bone-marrow-derived
macrophages (BMDM) genetically modified with adenoviral
particles encoding the anti-inflammatory cytokine interleukin
1 receptor antagonist (IL-1Ra) reduced kidney injury in
murine anti-GBM (207). Similar results were observed using
the same approach in unilateral ureteral obstruction (UUO)
mice: the transference of macrophages encoding IL-1Ra after
ureter obstruction reduced kidney interstitial macrophage
infiltration, overall inflammation and fibrosis (208). In the
same way, rat alveolar macrophages (NR8383) transfected
with an adenovirus encoding IL-4 reduced albuminuria and
glomerular macrophage infiltration (209). The delivery of IL-
10-expressing macrophages or a dominant-negative I-KB in
rat nephrotoxic nephritis also reduced kidney injury (210,
211). In murine kidney ischemia reperfusion injury (IRI), the
transference of adenoviral transduced BMDM encoding Heme
oxygenase-1 (HO-1)preserved kidney function (212). Similar
results were observed in a rat kidney IRI. Herein, transference
with adenoviral-IL-10-transduced BMDM markedly reduced
albuminuria, the number of pro-inflammatory macrophages and
fibrosis (210).

Macrophage Polarization Induced by
miRNAs
MicroRNAs (miRNAs) are small, single-stranded non-coding
RNAs (20–24 nucleotides) that regulate post-transcriptional
gene expression (213). Since their discovery, multiple potential
roles have been attributed to these molecules, including their
participation in the inflammatory response by regulating
multiple processes, including macrophage phenotype
polarization (214). The miRNA expression profiles in M1
and M2 macrophages have been characterized both in human
and in murine macrophages (215–217) (Table 1). A recent
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TABLE 1 | MicroRNA and macrophage polarization.

MicroRNA Polarization References

miR-9 M1 (214)

miR-127 (214)

miR-155 (214)

miR-125b (214)

miR-9-5p (214, 218)

pre-miR21 (219)

miR-199a-5p (220)

miRNA-19b-3p (221)

miR-124 M2 (214)

miR-223 (214)

miR-34a (214)

miR-132 (214)

miR-125a-5p (214)

miR-146a (214, 222,

223)

mature miR-21 (219)

review highlighted that miR-9, miR-127, miR-155, and miR-125b
promote M1 polarization while miR-124, miR-223, miR-34a,
let-7c, miR-132, miR-146a, and miR-125a-5p induce the M2
phenotype in both species (214). The relevance of some of
these miRNAs in the macrophage phenotype context has been
also corroborated in kidney disease with different results.
miR-146a regulated local chronic inflammation in autoimmune
glomerulonephritis in B6.MRLc1 mice, suggesting that it is a
potential therapeutic target (224). However, genetic miR-146a
deletion increased proteinuria, renal macrophage infiltration,
glomerular hypertrophy and fibrosis in murine streptozotocin-
induced diabetes (225). The anti-inflammatory effect of miR-146
through regulation of IL-6 expression was also demonstrated
in macrophages derived from cystic fibrosis patients (222).
Similarly, a transwell assay using glomerular mesangial cells
from LN patients stimulated with a miR-146 mimic showed a
reduction in macrophage migration (223). In the same way,
although miR-9 has been reported to promote pro-inflammatory
macrophage phenotype, mice transfected with lentiviral vectors
expressing miR-9-5p were protected from UUO-induced kidney
fibrosis through decreased infiltrating monocytes/macrophages
and induction of metabolic reprogramming (218).

miR-21 is a key mediator of the anti-inflammatory response
in macrophages and has been proposed to exert a dual role. Pre-
miR21 polarizes macrophages to the M1 phenotype while mature
miR-21 polarizes to M2 and upregulates anti-inflammatory
targets, such as IL-10 (219). However, although miR-21 has
been widely studied in inflammatory conditions, its role in
experimental kidney disease reported controversial results. Thus,
while genetic deletion of miR-21 reduced kidney fibrosis in
murine UUO, IRI, Alport syndrome (226, 227) and polycystic
kidney disease (228), miR-21 was also reported to protect from
murine kidney IRI (229). Lademirsen sodium (RG 012), an
anti–miR-21, is currently undergoing phase 2 clinical trials for
Alport syndrome (NCT02855268).

Apart from the miRNAs expressed directly in macrophages,
miRNAs from extracellular vesicles also influence the
macrophage polarization process. For example, miR-199a-
5p present in extracellular vesicles from albumin-induced
tubular epithelial cells promoted the M1 macrophage phenotype
in mice with high fat diet (HFD)/STZ-induced diabetes
(220). Similar results were obtained in another recent study
demonstrating that miRNA-19b-3p from tubular epithelial-
derived exosomes promotes M1 macrophage activation in a
murine endotoxemia-induced AKI (221).

CONCLUSION

Macrophages actively participate in the initial phases on kidney
injury, as well as in kidney damage resolution and progression.
Current pharmacological treatments that present beneficial
effects in human CKD diminish macrophages infiltration
in the kidney (1), including the SGLT2 inhibitors (230).
Future investigations targeting macrophage polarization, and
macrophage-derived cytokines could provide novel therapeutic
approaches to further reduce the inflammatory response in
kidney diseases.

In spite of the intensive research done, the lack of
consistent nomenclature, and reliable polarization markers that
are conserved between species and between in vivo and in
vitro models of macrophage polarization has delayed progress
in the field and complicates the extrapolation of preclinical
results into human kidney disease (53). Moreover, it is necessary
to develop preclinical models that truly resemble the human
situation, something specially relevant in human kidney diseases
due to the complex etiology of CKD (1). Some studies
have been focused on comparative biology approaches on
macrophages to accelerate the translation into the clinic (231).
Moreover, individual variation in cytokine production in the
human population has been reported (232). Novel data on
transcriptional machinery of different macrophage subtypes have
increased the knowledge about macrophage functions (233,
234). However, the mechanisms of genetic regulation remains
unraveled. Future studies using cutting-edge technologies,
including single-cell RNA sequencing, genomics, and proteomics
approaches, as well as spatial transcriptomics in human
biopsies are needed to improve the understanding of cytokine
profiles, macrophage phenotypes and functions in different
human diseases, including AKI, AKI-to-CKD transition, and
CKD progression.
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The phenotypic heterogeneity and functional diversity of macrophages confer on them
complexed roles in the development and progression of kidney diseases. After kidney
injury, bone marrow-derived monocytes are rapidly recruited to the glomerulus and
tubulointerstitium. They are activated and differentiated on site into pro-inflammatory M1
macrophages, which initiate Th1-type adaptive immune responses and damage normal
tissues. In contrast, anti-inflammatory M2 macrophages induce Th2-type immune
responses, secrete large amounts of TGF-β and anti-inflammatory cytokines, transform
into αSMA+ myofibroblasts in injured kidney, inhibit immune responses, and promote
wound healing and tissue fibrosis. Previous studies on the role of macrophages in kidney
fibrosis were mainly focused on inflammation-associated injury and injury repair. Apart
from macrophage-secreted profibrotic cytokines, such as TGF-β, evidence for a direct
contribution of macrophages to kidney fibrosis is lacking. However, under inflammatory
conditions, Wnt ligands are derived mainly from macrophages and Wnt signaling is
central in the network of multiple profibrotic pathways. Largely underinvestigated are
the direct contribution of macrophages to profibrotic signaling pathways, macrophage
phenotypic heterogeneity and functional diversity in relation to kidney fibrosis, and
on their cross-talk with other cells in profibrotic signaling networks that cause
fibrosis. Here we aim to provide an overview on the roles of macrophage phenotypic
and functional diversity in their contribution to pro-fibrotic signaling pathways,
and on the therapeutic potential of targeting macrophages for the treatment of
kidney fibrosis.
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INTRODUCTION

Kidney fibrosis is an inevitable outcome of all progressive chronic kidney diseases (CKD), including
hypertensive, diabetic, and vascular nephropathy. Chronic inflammation is a direct cause of kidney
injury. Chronic inflammation leads to excessive kidney repair and consequent kidney fibrosis and
thereby failure of kidney function. Macrophages have long been known to be master players in
inflammatory kidney diseases and to be associated with the development of kidney fibrosis in CKD.
However, evidence for a direct contribution of macrophages to kidney fibrosis is lacking. Here we
summarize the biological and pathological functions of macrophages polarized during the course
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of disease progression and their role in the development of kidney
fibrosis in CKD, in particular, their contribution to profibrotic
signaling networks.

MACROPHAGE AS A MASTER PLAYER
IN KIDNEY FIBROSIS

Macrophages are an important part of the mononuclear
phagocyte system comprising monocytes, macrophages, and
dendritic cells (Viehmann et al., 2018). Mouse F4/80 or human
epidermal growth factor module-containing mucin-like receptor
1 (EMR1) are considered to be signature markers of macrophage
(Khazen et al., 2005). Macrophages are primarily responsible for
pathogen clearance and the repair of injured tissues (Rosenberger
and Finlay, 2003; Das et al., 2015). They are multifunctional cells
with great phenotypic plasticity serving at the frontier of innate
immune defenses. Kidney macrophages include long-lived tissue-
resident macrophages and macrophages derived from circulating
monocytes of bone marrow origin (Tang et al., 2019). With
functional diversity depending on the local microenvironment,
macrophages play a critical role in inflammatory kidney disease
(Wang and Harris, 2011).

Kidney fibrosis develops in a milieu of inflammatory cell
infiltration, mesenchymal cell proliferation and activation, and
progressive deposition of extracellular matrix (ECM), leading to
scar formation (fibrosis) that destroys the parenchymal structure
of kidney and causes progressive loss of kidney function.
Observations from human CKD and experimental CKD models
have shown that tubulointerstitial fibrosis is an essential feature of
chronic kidney failure, and the degree of macrophage infiltration
is directly associated with the severity of fibrosis (Yu et al., 2010).
Accumulation of kidney macrophages correlates with severity of
kidney injury and kidney fibrosis in human and experimental
diabetic nephropathy (Chow et al., 2004) and also in other
classically non-inflammatory kidney diseases. The infiltration of
monocytes expressing chemokine (C-C motif) receptor 2 (CCR2)
leads to kidney inflammation and fibrosis in murine chronic
obstructive nephropathy (Braga et al., 2018). Kidney macrophage
numbers and chemokine (C-C motif) ligand 2 (CCL2) levels
correlate significantly with the progression of interstitial fibrosis
in human CKD (Eardley et al., 2008). Moreover, selective
depletion of macrophages reduces kidney fibrosis (Furuta et al.,
1993). These studies support a role for macrophages in genesis
and progression of kidney inflammation and fibrosis.

In CKD, macrophages polarize to various phenotypes in
response to complex microenvironmental stimuli in diseased
kidneys. Macrophages of different phenotypes secrete a
variety of growth factors, cytokines, proteins, and enzymes
which contribute to or mitigate fibrosis (Eddy and Neilson,
2006). Macrophages produce profibrotic mediators including
TGF-β, Wingless and Int-1 (Wnt), platelet-derived growth
factor (PDGF), tumor necrosis factor α (TNF-α), hepatocyte
growth factor (HGF), connective tissue growth factor (CTGF),
angiotensin converting enzyme (ACE), angiotensin I (Ang I)
and II (Ang II), plasminogen activators, plasminogen activator
inhibitor-1 (PAI-1), tissue inhibitor of metalloproteinases

(TIMP), collagen, fibronectin, thrombospondin, coagulation
factors, reactive oxygen species, and endothelin. They can also
produce mediators that protect against kidney fibrosis including
collagenases, matrix metalloproteinase 12 (MMP-12), nitric
oxide, and bone morphogenic protein-7 (BMP-7) (Eddy, 2011).
Macrophages of various phenotypes are therefore responsible
for several key processes in progressive fibro-inflammatory
kidney disease, including initiation of inflammatory damage,
resolution of inflammation, phagocytotic clearance of debris
after inflammation, tissue repair, remodeling of fibrotic tissue,
and excessive repair leading to irreversible kidney fibrosis. Thus,
macrophages play very complex roles in kidney fibrosis (Ricardo
et al., 2008; Shen et al., 2014; Table 1).

MACROPHAGE CONTRIBUTIONS TO
KIDNEY FIBROSIS VIA INFLAMMATION

Inflammation, starting from recruitment and activation of
macrophages, is considered to be a key factor behind fibrotic
diseases (Cao et al., 2015). Macrophages are rapidly recruited to
the glomerulus or tubulointerstitium to initiate innate immune
responses and play important defensive as well as destructive
roles in kidney injury. Ongoing kidney damage can cause
continuing macrophage infiltration in a vicious cycle that leads to
destruction of the normal kidney tissue structure and irreversible
tissue fibrosis. Although it is widely believed that glomerular and
interstitial macrophages are closely associated with development
of kidney fibrosis, they also play beneficial roles in stromal
remodeling during tissue repair (Ricardo et al., 2008; Alikhan and
Ricardo, 2013). It is important to understand the complex roles of
macrophages in kidney inflammation and fibrosis.

Inflammatory Role of M1 Macrophages
The ability of macrophages to play complex roles in kidney
diseases is explained by their phenotypic heterogeneity and
functional diversity (Anders and Ryu, 2011). Macrophages are
activated and differentiated under specific microenvironmental
conditions into two broad phenotypes, namely classically
activated macrophages (CAM or M1) and alternatively activated
macrophages (AAM or M2) (Figure 1). However, the concept of
M1 and M2 macrophage phenotypes was mostly derived from
in vitro observations of cultured macrophages. Such distinct M1
and M2 macrophage phenotypes are not consistent with in vivo
observations, where M1 and M2 markers can co-exist on same
macrophage (Wang et al., 2014). We use the terms of M1 and
M2 macrophage phenotypes in this review for the convenience
in citing respective studies and for description of functionally
different macrophages. The existence of such heterogeneous
phenotypes is explained by the cellular plasticity of circulating
monocytes and macrophages in response to different stimuli.
There is compelling evidence that the major factor determining
kidney injury versus tissue restoration is the activation state
of macrophages within local tissues rather than the degree of
macrophage infiltration (Ricardo et al., 2008).

Circulating monocytes are recruited by cytokines and
chemoattractants within the pathogenic microenvironment of
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TABLE 1 | Macrophage phenotypes, stimuli, Secreted products, and functions.

Macrophage
phenotypes

Stimuli Secreted products Phenotypic function

M1 LPS (Kalish et al., 2015), TNF-α
(Venturin et al., 2016), IFN-γ (Lee et al.,
2011), S100A9 (Tang et al., 2019),
IL-1α (Tang et al., 2019)

IL-1 (Tang et al., 2019), IL-1β (Wong et al., 2018), IL-6
(Tang et al., 2019), IL-8 (Kadowaki et al., 2009), IL-12
(Tang et al., 2019), IL-17A (Wong et al., 2018), IL-23
(Tang et al., 2019), TNF-α (Inoue, 2017), iNOS (Inoue,
2017), MMP-12 (Tang et al., 2019), CCL-2 (Wong et al.,
2018), CCL-3 (Meng et al., 2015), CCL-5 (Meng et al.,
2015), CXCL1 (Meng et al., 2015), CXCL2 (Meng et al.,
2015), CXCL10 (Meng et al., 2015), ICAM-1 (Wong
et al., 2018), Wnt5a (Blumenthal et al., 2006) RAS
(Ulrich et al., 2011)

Pro-inflammatory and TH1-like immune
response (Tang et al., 2019)

M2a IL-4 (Zhang et al., 2017; Tang et al.,
2019), IL-13 (Zhang et al., 2017; Tang
et al., 2019)

Mannose and scavenger receptor (Anders and Ryu,
2011), decoy IL-1R11 (Anders and Ryu, 2011), FIZZ1
(Anders and Ryu, 2011), YM-1 (Anders and Ryu, 2011),
IL-10 (Lu et al., 2013), TGF-β (Lu et al., 2013), Wnt1,
Wnt3a (Cosin-Roger et al., 2019), Wnt7b (Lin et al.,
2010) CCL13 (Meng et al., 2015), CCL14 (Meng et al.,
2015), CCL17 (Meng et al., 2015), CCL18 (Meng et al.,
2015), CCL22 (Meng et al., 2015), CCL23, CCL24
(Meng et al., 2015), CCL26 (Meng et al., 2015), MMP-9
(Meng et al., 2015), MMP-12 (Meng et al., 2015), IGF-1
(Meng et al., 2015), arginase 1 (Tseng et al., 2020),
Fibronectin (Tseng et al., 2020)

Anti-inflammatory TH2-like immune
response (Tang et al., 2019), wound
healing and tissue fibrosis (Tang et al.,
2019), inhibition of T-cell proliferation
(Lu et al., 2013)

M2b Immune complexes (IgG4) (Bianchini
et al., 2019; Tang et al., 2019),
TLR/IL-1R ligand (Tang et al., 2019),
IL-1R (Lisi et al., 2014), IgG Fc receptor
ligands (Lisi et al., 2014), CD40 (Lisi
et al., 2014), IL-6 (Philipp et al., 2018)

IL-1 (Anders and Ryu, 2011), IL-6 (Anders and Ryu,
2011), TNF-α (Anders and Ryu, 2011), MHCIIhi (Anders
and Ryu, 2011), IL-10hi (Anders and Ryu, 2011),
IL-12lo (Anders and Ryu, 2011), IL-1β (Wang et al.,
2019), MCP-1 (Chen et al., 2013), iNOS (Chen et al.,
2013)

Immunoregulation (Tang et al., 2019),
Th2 activation (Meng et al., 2015)

M2c IL-10 (Tang et al., 2019), TGF-β (Tang
et al., 2019), glucocorticoids (Tang
et al., 2019)

IL-10 (Anders and Ryu, 2011), TGF-β (Anders and Ryu,
2011), mannose receptor (Anders and Ryu, 2011),
B7-H4 (Lu et al., 2013), arginase 1 (Meng et al., 2015)

Immunosuppression (Tang et al., 2019),
matrix remodeling and tissue repair
(Tang et al., 2019), inhibition of T-cell
proliferation (Lu et al., 2013), induction
of Tregs (Lu et al., 2013)

PAMPs, pathogen-associated molecular patterns; DAMPs, danger- associated molecular patterns; FGF2, basic fibroblast growth factor; LPS, lipopolysaccharide; TLR,
toll-like receptors; TNF, tumor necrosis factor; iNOS, inducible nitric oxide synthase; MINCLE, macrophage-inducible C-type lectin; Arg1, arginase-1; MCHII, major
histocompatibility complex (MHC) class II; MR, mannose receptor; IGF-1, insulin like growth factor; IRF, interferon-related factor; IL-1R, IL-1 receptor; TGF-β, transforming
growth factor-β; Wnt, Wingless and Int-1; RAS, renin angiotensin system.

diseased kidneys. They adhere to activated endothelial surfaces,
infiltrate into interstitial and/or glomerular compartments, and
differentiate into pro-inflammatory M1 macrophages (Tang et al.,
2019). M1 macrophages can be polarized by pathogen-related
molecular patterns (PAMPs) such as lipopolysaccharides (LPS),
alarmins such as S100A9 and IL-1α, and pro-inflammatory
cytokines such as tumor necrosis factor α (TNF-α) (Kalish et al.,
2015; Venturin et al., 2016). Polarized M1 macrophages highly
express major histocompatibility complex (MHC) class II and
co-stimulating molecule CD86 and initiate Th1 type adaptive
immune responses, resulting in cytotoxicity and more effective
killing of bacteria, intracellular pathogens and tumor cells (Lv
et al., 2017; Tang et al., 2019). Concurrently, M1 macrophages
secrete a series of pro-inflammatory factors (including IL-1, IL-
6, IL-12, TNF-α), chemokines (such as IL-8), activated oxygen
species, and nitric oxide (NO) which promote inflammation and
damage of normal tissues (Inoue, 2017; Tang et al., 2019).

In the early stage of kidney ischemia-reperfusion injury (IRI)
in rats, macrophages are M1 in phenotype and highly express
iNOS (Huen and Cantley, 2015). Depletion of macrophages

at this stage by liposome clodronate significantly attenuated
kidney injury, accompanied with decreased expression
of inflammatory and profibrotic cytokines (Ko et al.,
2008). Similarly, miR-30c-5p agomir which directly inhibits
Interferon regulatory factor 1 (IRF1) reduced kidney ischemic
injury by reducing M1 macrophages and increasing of M2
macrophages, and by reducing inflammatory cytokine TNF-α
and increasing anti-inflammatory cytokines IL-4 and IL-10
(Zhang et al., 2019; Guo et al., 2020). In contrast, transfusion
of IFN- induced M1 macrophages following acute kidney IRI
increased tubulointerstitial fibrosis and functional impairment
(Lee et al., 2011).

Apart from inflammatory cytokines, activated macrophages
also secrete matrix metalloproteinases (MMPs), including
abundant MMP- 1, −3, −7, −9, −10, −12, −14, and −25
with less abundant MMP-2, 3, 8, 10, 11, 12 (Huang et al.,
2012). Those MMPs contribute not only to degradation of
extracellular matrix, but also to inflammatory injury in kidney
(Kunugi et al., 2011). Macrophage-derived MMP-9 has been
shown to contribute to kidney fibrosis through induction
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FIGURE 1 | Schematic diagram showing macrophage contribution to kidney fibrosis. Kidney resident macrophages and infiltrating bone marrow-derived
macrophages are stimulated by inflammatory factors such as IFN-γ, lipopolysaccharide (LPS), and IL-1, to be polarized into pro-inflammatory M1 macrophages
which promote inflammation and tissue damage by releasing IL-6, 12 and inducible nitric oxide synthase (iNOS). They can also be polarized into three functionally
different phenotypes of anti-inflammatory and reparative M2 macrophages by anti-inflammatory cytokines IL-4, IL-10, IL-13, and TGF-β. M2 macrophages resolve
inflammation, promote tissue repair and cause fibrosis by secretion of anti-inflammatory cytokines and tissue repair mediators including IL-10, transforming growth
factor.(TGF-β), Wingless and Int-1 (Wnts), Angiotensin II (Ang II), connective tissue growth factor (CTGF), and platelet-derived growth factor (PDGF).

of profibrotic changes in tubular epithelial cells (Tan et al.,
2010) and recruitment of macrophages via proteolytic activation
of osteopontin (Tan et al., 2013). More importantly, MMP-
mediated proteolytic releasing and activation of TGF-β bound
to extracellular matrix (Karsdal et al., 2002) may directly
contribute to kidney fibrosis and indirectly through induction of
profibrotic M2 macrophages.

In addition to promotion of inflammation and tissue damage,
pro-inflammatory M1 macrophages were found also to be
capable of switching to anti-inflammatory and reparative M2
macrophages (Arnold et al., 2007). Thus, the classification of
M1 and M2 macrophage phenotypes may well represent but
oversimplify the plastic functional status of macrophages at
different stages of disease progression.
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Anti-inflammatory and Pro-fibrotic Roles
of M2 Macrophages
Alternatively activated macrophages, M2 macrophages, can be
defined from in vitro experiments into three functional subtypes
according to their activation stimuli and functions: M2a, M2b,
and M2c (Tang et al., 2019; Figure 1). M2a macrophages are
typically induced by IL-4 and IL-13 (Zhang et al., 2017); M2b
macrophages are induced by immune complexes, LPS, IgG Fc
receptor ligands, and CD40 (Lisi et al., 2014); M2c macrophages
are induced by IL-10 and TGF-β or glucocorticoids (Kim et al.,
2015). Those phenotypic definitions of anti-inflammatory M2
macrophages are used for the convenience in description of their
respective functions.

The subtypes of M2 macrophages are thought to suppress
immune responses and promote tissue repair, but with different
and sometimes controversial functions (Mantovani et al., 2004).
M2a macrophages, highly express the marker arginase 1 (Arg-
1), produce a large amounts of anti-inflammatory IL-10 and
IL-1 receptor antagonist (IL-1ra), and inhibit secretion of pro-
inflammatory cytokines (IL-12, IL-1, TNF-α) and production of
NO, thereby exerting anti-inflammatory and immunosuppressive
functions. M2b macrophages specifically up-regulate IL-10 and
down-regulate IL-12, and induce T cells to secrete IL-4, which
in turn promotes B cells to produce antibodies, and induce anti-
inflammatory Th2 immune responses. M2c macrophages secrete
large amounts of IL-10 and TGF-β, suppress inflammatory
immune responses, and promote wound healing and tissue
fibrosis (Tang et al., 2017, 2019). Supporting evidence includes
that reduced infiltration of macrophages (mainly M2) in murine
models of kidney disease can prevent progressive interstitial
collagen deposition and inhibit kidney fibrosis (Kim et al.,
2015). Furthermore, the adoptive transfer of M2c macrophages
rather than M1 macrophages reversed the beneficial effects of
macrophage depletion in kidney fibrosis (Tang et al., 2019). In
the unilateral ureteral obstruction (UUO) model, depletion of
macrophages from day 4 significantly reduced kidney fibrosis,
while the adoptive transfer of M2 macrophages promoted
the accumulation of αSMA+ cells and kidney fibrosis (Shen
et al., 2014). In a rat model of anti-glomerular basement
membrane disease, inhibition of M2 macrophage infiltration by
inhibitor of the macrophage-specific c-fms receptor at days 14–
35 resulted in a significant reduction in both glomerular sclerosis
and interstitial fibrosis (Han et al., 2013). Consistent with
findings from experimental animal models, the number of M2
macrophages expressing CD206 and/or CD163 is associated with
kidney interstitial fibrosis and tubular atrophy in human kidney
diseases such as diabetic nephropathy, IgA nephropathy, and in
kidney transplants (Wu et al., 2020). Together these findings
indicate that M2 macrophage polarization and infiltration can
promote kidney fibrosis and progression of kidney disease.
However, in acute or non-persistent kidney injuries such as
acute tubular necrosis (ATN), M2 macrophages were mainly
anti-inflammatory and promoted epithelial healing and rapid
regeneration of intact tubules (Anders and Ryu, 2011).

M2 macrophages were thought to promote kidney fibrosis via
secretion of TGF-β1 which is well-known to cause fibrosis; larger

quantities of TGF-β1 were detected in M2 macrophages than in
myofibroblasts in the UUO model (Shen et al., 2014). However,
macrophage-specific deletion of TGF-β1 failed to prevent renal
fibrosis after severe ischemia-reperfusion or obstructive injury
(Huen et al., 2013). In contrast, selective deletion of TGF-β
receptor II (TβRII) in monocytes/macrophages promoted kidney
fibrosis by enhancing renal macrophage infiltration (Chung
et al., 2018). These controversial findings suggested that it
would be too simplistic to conclude or disprove profibrotic
roles of macrophage TGF-β1 by selective depletion of either
TGF-β1 or its receptor (TβRII) alone, given that TGF-β1
is also the most potent anti-inflammatory factor secreted by
M2 macrophages (Ricardo et al., 2008), and inflammation is
unarguably the initial cause of kidney fibrosis (Tang et al., 2019).
We found that by alteration of TGF-β1 signaling in bone marrow-
derived macrophages via shifting β-catenin binding from TCF
to Foxo1 using β-catenin/TCF inhibitor ICG-001, the anti-
inflammatory function of TGF-β1 was enhanced by increased
production of anti-inflammatory IL-10 and reduced production
of IL-6 and TNF-α in the bone marrow-derived macrophages.
Concurrently the pro-fibrotic effect of TGF-β1 was abolished
by significant reduction of GFP (+) F4/80 (+) α-SMA (+)
bone marrow-derived macrophages undergoing macrophage-
myofibroblast transformation (MMT) (Wang et al., 2017) and
thereby kidney fibrosis was reduced in the murine model of
unilateral ureteral obstruction (UUO) (Yang et al., 2019).

In addition to TGF-β1, M2 macrophage polarization is also
tightly regulated by the Wnt pathway. Wnt5a can enhance
TGF-β-induced macrophage M2 polarization and the expression
of Yes-associated protein (Yap)/transcriptional coactivator with
PDZ-binding motif (Taz) to promote kidney fibrosis (Feng et al.,
2018a). The Wnt ligand Wnt3a induces the polarization of
M2 macrophages by enhancing IL-4 or TGF-β1 (Feng et al.,
2018b). Conditional deletion of Wnt3a in bone marrow cells
lessens the accumulation of macrophages and the polarization
of M2, and reduces kidney fibrosis in the murine UUO model
(Feng et al., 2018b).

Bone Marrow Macrophage Contribution
to Kidney Fibrosis
Bone marrow-derived monocytes are recruited to the kidney
after injury. They constitute a large proportion of interstitial
infiltrating macrophages (Tang et al., 2019) and play a major
role in progression of kidney fibrosis as they polarize to
macrophages of various phenotypes (Conway et al., 2020). Bone
marrow-derived macrophages can differentiate into α-SMA+
myofibroblasts in injured kidney, via MMT (Ikezumi et al.,
2015; Wang et al., 2017). Flow cytometric analysis found
that most CD45+ leukocytes isolated from obstructed kidneys
expressed both collagen I and α-SMA (Chen et al., 2011). The
CD45+ cells in these fibrotic kidneys are infiltrating monocytes
derived from bone marrow. They have undergone MMT
and transdifferentiated into collagen-producing myofibroblasts
within the microenvironment of the damaged kidney, driven
by TGF-β1 (Nikolic-Paterson et al., 2014) secreted by M2
macrophages (Shen et al., 2014). In vitro TGF-β1 drove
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transdifferentiation of cultured macrophages into collagen-
secreting α-SMA+ myofibroblasts (Pilling and Gomer, 2012).
Cells expressing macrophage marker CD68 and myofibroblast
marker α-SMA+ have been identified in the kidney of patients
with active fibrosis (Meng et al., 2016b). Nikolic-Paterson
et al. (2014) found evidence of MMT in human kidney
disease with active fibrosis using confocal microscopy, and
showed that the severity of kidney fibrosis correlated with the
number of MMT cells co-expressing α-SMA and CD68. In
addition to TGF-β1, chemokine receptor CXCR6 contributes
to recruitment of bone marrow-derived fibroblast precursors
(Xia et al., 2014), while IL-4 and IL-13 activated Jak3/STAT6
signaling stimulates bone marrow–derived fibroblast MMT
in the UUO model of kidney fibrosis (Yan et al., 2015;
Liang et al., 2017).

The contribution of bone marrow-derived macrophages to
kidney fibrosis is also supported by the observation that
down-regulation of CCR2 expression reduced recruitment and
activation of myeloid derived macrophages and alleviated kidney
fibrosis in UUO model (Jiang et al., 2019). Production of
chemokine CXCL16 by kidney tubular epithelial cells is necessary
for recruitment of myeloid derived CD45+ col I+ α-SMA+ cells
and development of kidney fibrosis in UUO model (Chen et al.,
2011; Nikolic-Paterson et al., 2014).

MACROPHAGE CONTRIBUTION TO
PROFIBROTIC SIGNALING PATHWAYS

Kidney fibrosis is the direct result of activation of fibroblasts and
accumulation of myofibroblasts, driven by multiple profibrotic
signaling pathways (Kuppe et al., 2021). Profibrotic changes
in other cells, including mesenchymal transition of tubular
epithelial cells (EMT) (Zheng et al., 2009; Tan et al., 2010; Qiao
et al., 2018; Yang et al., 2020; Rao et al., 2021) and endothelial
cells (EndoMT) (Zeisberg et al., 2008; Li et al., 2010; LeBleu
et al., 2013; Zhao et al., 2016), also contribute to the activation
of fibroblasts and kidney fibrosis, but may not directly transform
into myofibroblasts (Kuppe et al., 2021).

Wnt/β-CATENIN SIGNALING PATHWAY

The Wnt/β-catenin signaling pathway is activated in various
kidney diseases, contributing to the development and progression
of kidney fibrosis (Zhou et al., 2020). Wnt/β-catenin signaling
is an evolutionarily conserved pathway involved in embryonic
development, tissue homeostasis, and organ injury repair
(Ng et al., 2019; Perugorria et al., 2019). Wnt ligands are
a large family of secreted glycoproteins and fundamentally
indispensable for transduction of the Wnt signaling pathway
(Nie et al., 2020).

Wnt/β-catenin signaling in kidney disease is versatile;
transient activation of Wnt/β-catenin signaling induces repair
and regeneration during acute kidney injury, but sustained
(uncontrolled) Wnt/β-catenin activation promotes kidney
fibrosis (Schunk et al., 2021). Lin et al. (2010) found that

FIGURE 2 | Schematic diagram showing macrophage contribution to
profibrotic signaling pathways. Macrophages promote tissue repair,
regeneration and fibroblast activation and myofibroblast proliferation via
multiple signaling pathways by secretion of transforming growth factor beta
(TGF-β), Wingless and Int-1 (Wnts), angiotensin II (Ang II), connective tissue
growth factor (CTGF) and platelet-derived growth factor (PDGF). Solid arrows
indicate secretion of cytokines and growth factors by macrophages. Broken
line arrows indicate autocrine effects of macrophage-secreted cytokines and
growth factors on macrophage functional polarization. Light blue arrows
indicate effects of macrophage secreted cytokines and growth factors on
kidney tissue repair and fibrosis.

Wnt7b secreted by macrophages facilitates kidney regeneration
through directing epithelial cell-cycle progression and basement
membrane repair; kidney injury repair was substantially retarded
after macrophage specific deletion of Wnt7b.

In kidney, Wnt5a promotes fibrosis by stimulating Yap/Taz-
mediated macrophage polarization in both UUO and IRI
models (Feng et al., 2018a). Wnt3a can also promote M2
macrophage polarization induced by IL-4 or TGF-β1,
following Wnt/β-catenin signaling activation, and in turn
accelerate macrophage proliferation and accumulation,
giving rise to kidney fibrosis (Cosin-Roger et al., 2019;
Figure 2).

Studies of fibrosis in other organs also demonstrated
macrophage contribution to the Wnt/β-catenin pathway.
After myocardial infarction in mice, macrophages within
the area of infarction exhibited an increase in expression
of non-canonical Wnt ligands Wnt5a and Wnt11 (Palevski
et al., 2017). The activated Wnt/β-catenin signal promoted
cardiac fibrosis by inducing the transition of endothelial
cells and epicardial cells to a mesenchymal state, fibroblast
differentiation into myofibroblasts and collagen production
(Palevski et al., 2017). In a murine model of intestinal fibrosis,
CD16+ macrophages expressed high levels of Wnt6, inducing
intestinal fibrosis (Salvador et al., 2018). M2 macrophage
release of Wnt7a promoted myofibroblast differentiation of
lung resident mesenchymal stem cells, leading to lung fibrosis
(Hou et al., 2018).
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FIGURE 3 | Schematic diagram showing cross-talk between different signaling pathways including those of transforming growth factor beta (TGF-β), Wingless and
Int-1 (Wnts), Renin Angiotensin System (RAS), Integrin linked kinases (ILK), connective tissue growth factor (CTGF), and PI3K–mTOR. Multiple signaling pathways
cross-talk and converge at β-catenin nuclear translocation and binding with different transcription factors to activate different target genes in macrophage and kidney
cells described. PI3K, Phosphatidylinositol 3 kinase; Akt, Ak strain protein kinase B; mTOR, mammalian target of rapamycin; PIP2, phosphatidylinositol
(4,5)-trisphosphate; PIP3, phosphatidylinositol (3,4,5)-trisphosphate; mTORC2, mTOR complex 2 including mTOR, Rictor, GβL, Sin1, PRR5/Protor-1, and DEPTOR;
Ang II, Angiotensin II; AT1, Angiotensin receptor 1.

TGF-β SIGNALING PATHWAY

TGF-β is a well-known inducer of kidney fibrosis. While secretion
of anti-inflammatory TGF-β by M2 macrophages contributes to
resolution of inflammation, it also mediates kidney injury repair
and causes kidney fibrosis when in excess. The mechanism by
which macrophages promote kidney fibrosis through the TGF-
β signaling has been extensively investigated. M1 macrophages
can be reprogrammed into alternately activated M2 macrophages

by anti-inflammatory cytokine stimulation (IL-10 or colony-
stimulating factor 1) or upon their phagocytotic ingestion of
apoptotic cells. M2 macrophages promote and coordinate the
regeneration of kidney tubular cells and maintain the integrity
of the kidney tubules after injury (Rogers et al., 2014). During
tissue repair, M2b and M2c macrophages are mainly responsible
for immunosuppression, matrix remodeling and wound healing
once tissue damage has been resolved (Tang et al., 2019).
In contrast, uncontrolled kidney inflammation triggers M2a
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macrophage polarization in the injured kidney through IL-
4 and IL-13, promoting increased TGF-β1 production and
kidney fibrosis (Pan et al., 2015). M2 macrophages exert anti-
inflammatory effects and promote kidney fibrosis through tissue
repair by producing a large amount of TGF-β1 in the UUO model
(Eddy, 2005).

RENIN-ANGIOTENSIN SYSTEM (RAS),
PDGF AND CTGF SIGNALING
PATHWAYS

In addition to Wnt and TGF-β, macrophages are also identified
as a source of components of the renin-angiotensin system
(RAS), including renin, angiotensin converting enzyme (ACE),
Ang I and Ang II, AT1 and AT2 receptors (Okamura et al.,
1999). The RAS is known to cause kidney fibrosis through
Wnt/β-catenin signaling (Miao et al., 2019; Figure 2). Other pro-
fibrotic mediators such as PDGF and CTGF were also found to be
produced by macrophages (Cicha et al., 2005; Eitner et al., 2008).

INTEGRIN/ILK AND NOTCH SIGNALING
PATHWAYS

Apart from direct secretion of pro-fibrotic mediators,
macrophages produce matrix metalloproteinases (MMP),
which not only contribute to tissue remodeling after injury,
but also activate other pro-fibrotic signaling pathways such as
Integrin/ILK (Zheng et al., 2009, 2016; Tan et al., 2010) and
Notch (Zhao et al., 2016).

ACTIVATION AND PROLIFERATION OF
MYOFIBROBLASTS BY CROSSTALK
BETWEEN PROFIBROTIC SIGNALING
PATHWAYS

Activation and proliferation of myofibroblasts is a central and
complex event in development of kidney fibrosis. It involves
multiple signaling pathways activated by profibrotic mediators
from the fibro-inflammatory microenvironment of the injured
kidney. Macrophages are unarguably a major source of those
mediators (Table 1). A profibrotic signaling network including
TGF-β/Smad, Wnt/β-catenin, the renin- angiotensin system
(RAS) and Integrin /ILK pathways cross-talk and synchronize to
promote kidney fibrosis (Figure 3).

Wnt/β-catenin signaling is a key player in kidney fibrosis
contributing to activation of fibroblasts into myofibroblasts
and consequent excessive extracellular matrix production. Upon
binding of Wnt ligands to its receptor Frizzled (Fz) and
transmembrane receptor LRP5/6, dishevelled (dvl) protein in
the cytoplasm is phosphorylated and activated to bind to Axin
to antagonize GSK3β, which prevents β-catenin signaling by
degradation of cytosolic β-catenin via phosphorylation and
ubiquitination machinery (Tan et al., 2014; Wang Y. et al.,

2018). Inhibition of GSK3β by Wnt ligands results in β-catenin
nucleus translocation followed by transcriptional activation of
Wnt target genes when β-catenin complexes TCF/LEF, the
transcription binding partners of β-catenin (Zhou et al., 2012;
Guo et al., 2019). This canonical Wnt/β-catenin signaling
pathway activates a transcriptome of profibrotic inducers such
as Snail/Slug, and fibrotic genes such as α smooth muscle actin
(α-SMA), collagen, fibronectin and other extracellular matrix
genes involved in fibroblast activation and extracellular matrix
production. Importantly, Wnt/β-catenin signaling is not acting
alone during the development of kidney fibrosis.

TGF-β released by M2 macrophage is also one of the most
important contributors to kidney fibrosis. TGF-β signals through
both Smad-dependent and Smad-independent pathways. TGF-β
binds to TGF-β receptor II which sequentially complexes with
TGF-β receptor I. TGF-β receptor II binding to receptor I then
leads to receptor I phosphorylation of Smad2/3 which translocate
into the nucleus with co-Smad4 to activate profibrotic gene
transcription in kidney myfibroblasts (Meng et al., 2016a). In
addition to Smad-dependent signaling in activating profibrotic
genes in myofibroblasts, TGF-β also promotes β-catenin nuclear
translocation through phosphorylation of β-catenin Tyr-654 and
dephosphorylation of β-catenin Ser-37 and Thr-41. Furthermore,
Smad-independent activation of Akt and p38 MAP kinase
(Wang et al., 2011; Zhou et al., 2012; Tan et al., 2014)
also subsequently inhibit GSK3β, thereby promoting β-catenin
nuclear translocation and activation of Wnt/β-catenin signaling.

The renin-angiotensin system (RAS) is also known to
cause hypertension and fibrosis in CKD (Floege, 2015).
Macrophage secretion of RAS components [renin, angiotensin
converting enzyme (ACE), Ang I and Ang II] promote
synthesis and release of profibrotic factors TGF-β, CTGF, PDGF,
ET1 (Wang M. et al., 2018; Zhou et al., 2020) and is a
direct target of the Wnt/β-catenin pathway, causing kidney
injury, and fibrosis. Reciprocally, blockade of Wnt/β-catenin
by inhibition of β-catenin/TCF signaling also blocks RAS
and consequent hypertension and kidney fibrosis in CKD
(Floege, 2015).

Integrin/ILK are known to contribute to both glomerular
and interstitial fibrosis in diseased kidneys (Liu, 2010; Zheng
et al., 2016). The underlying mechanism for ILK in causing
fibrotic signaling involves its direct or indirect (via activation
of Akt) inhibition of GSK3β in facilitating β-catenin nuclear
translocation and activation of Wnt/β-catenin signaling (Liu,
2010). We found that proximal tubular cell upregulation of
ILK via the compensatory increase of α3 integrin worsened
kidney fibrosis in the UUO model in proximal tubular specific
E-cadherin knockout mice (Zheng et al., 2016). Importantly,
ILK is downstream of TGF-β mediation of both glomerular
and tubulointerstitial fibrosis in kidneys (Li et al., 2009; Kang
et al., 2010). Our study demonstrated that autophagy links
TGF-β/Smad signaling with β-catenin through the pY654-beta-
catenin/p-Smad2/ILK pathway (Pang et al., 2016).

mTOR activation has been identified in macrophages
and myofibroblasts in kidney fibrosis (Chen et al., 2012).
mTORC1 activation in podocytes led to the development
of glomerular crescents contributing to fibrosis of glomeruli
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in both experimental and human glomerulonephritis (Mao
et al., 2014). mTORC2 is activated by TGF-β to transduce
profibrotic signaling through mTOR activation of PI3K-Akt
(Li et al., 2015) which subsequently inactivates GSK3β to
facilitate β-catenin nuclear translocation and thereby activate
β-catenin/TCF in the Wnt/β-catenin pathway. Macrophage
polarization has been shown to be controlled by the PI3K-
Akt-mTOR pathway; increased mTORC1 activity promoted
M1 macrophage polarization and reduced M2 macrophage
polarization (Weichhart et al., 2015). mTOR activation was
observed in myofibroblasts and macrophages and inhibition of
mTOR pathway by rapamycin ameliorated kidney fibrosis (Chen
et al., 2012). Both TGF-β and ILK activate PI3K-Akt and thus
cross-talk with mTOR, whereas mTORC2 activation of PI3K-
Akt also links with the Wnt/β-catenin pathway via PI3K-Akt
inhibition of GSK3β (Ching and Hansel, 2010).

Together multiple signaling pathways (TGF-β, Wnt, ILK, RAS,
mTOR, etc.) interact via activation of β-catenin in the initiation
and progression of kidney fibrosis. The functional status of
β-catenin determines the activity of these signaling pathways and
the progression or regression of kidney fibrosis. Studies from
us and others demonstrated the key role for β-catenin/TCF in
mediating profibrotic signaling of multiple pathways (Liu, 2010;
Qiao et al., 2018). Importantly, we found that shifting β-catenin
binding from TCF toward Foxo in both macrophages and kidney
tubular cells by inhibition of β-catenin/TCF redirected TGF-
β signaling from pro-fibrotic to anti-inflammatory, protected
against kidney fibrosis and promoted epithelial repair in UUO
and IRI models (Qiao et al., 2018; Rao et al., 2019, 2021;
Yang et al., 2019).

TARGETING MACROPHAGES AS A
TREATMENT FOR KIDNEY FIBROSIS

Anti-inflammatory and reparative properties of macrophages
(Lin et al., 2010; Urbina and Singla, 2014; Ratnayake et al.,
2021) argue for their therapeutic application. We have
shown that ex vivo programmed M2 macrophages protect
against inflammation and kidney injury in experimental
models of inflammatory renal disease (Wang et al., 2007;
Cao et al., 2010, 2011). Jung et al. (2012) found that infusion
of IL-10 overexpressing macrophages protected ischemia
injury in an IRI model. Adoptive transfer of genetically
modified macrophages expressing heme-oxygenase-1 (HO-
1) protected kidney function in mice with IRI (Ferenbach
et al., 2010). Netrin-1-induced M2 macrophages suppressed
inflammation and protected against kidney injury in IRI mice
(Ranganathan et al., 2013).

However, the phenotypic instability of those M2 macrophages
remains as a challenge (Cao et al., 2014). To overcome the hurdle
of phenotypic instability, adenovirus vector NGAL (Neutrophil
gelatinase-associated lipocalin-2) was used to stabilize phenotype
of injected M2 macrophages which reduced inflammation
and fibrosis in UUO model. While protection by anti-
inflammatory M2 macrophages has been reported increasingly,
the profibrotic effects of M2 macrophages remain largely

unaddressed as another hurdle for their therapeutic application;
M2 macrophages secrete large amounts of TGF-β which not
only suppresses inflammation but also promotes kidney fibrosis
(Kim et al., 2015).

Depletion of inflammatory M1 macrophages does not protect
against kidney fibrosis, while depletion of anti-inflammatory
and reparative M2 macrophages can reduce kidney fibrosis
(Shen et al., 2014). Thus, although inflammation is an important
driver of fibrosis, other non-inflammatory profibrotic pathways
are activated by anti-inflammatory and tissue reparative
cytokines from M2 macrophages such as TGF-β, Wnt, Ang II,
CTGF, and PDGF. Moreover, the results of these macrophage
depletion studies are consistent with the fact that M1 and
M2 macrophages represent different and sometimes co-
existing functional phenotypes of the same population. They
polarize across their life span according to stimuli within the
microenvironment in which they reside during the progression
kidney diseases.

Opposing roles of phenotypically distinct macrophages
suggested that targeting macrophages of different phenotypes
may not be practical in developing therapeutic treatment
for fibrotic diseases (Cao et al., 2014). More importantly,
precise targeting of functionally different macrophages
with opposing roles requires a better understanding of
downstream signaling events and the diverse functions
of multi-functional cytokines, such as TGF-β1 (Qiao
et al., 2018), which although profibrotic contributes to
suppression of inflammation and to tissue repair in kidney
(Tang et al., 2019).

Instead of targeting specific functional phenotypes of
macrophages, targeting a central factor in multiple profibrotic
signaling pathways in macrophages is likely to be a more
effective strategy for treating kidney diseases. Indeed, we
found in the UUO model that inhibition of β-catenin/TCF
promotes β-catenin/Foxo in the Wnt and TGF-β signaling
pathways of bone marrow-derived macrophages (Yang et al.,
2019). Importantly, redirection of β-catenin binding from
TCF to Foxo resulted in reduction of inflammatory cytokines
produced by bone marrow-derived macrophages, altered the
fate of MMT macrophages and protected against kidney fibrosis
(Yang et al., 2019).

CONCLUSION

Macrophages are master regulators of inflammation and kidney
fibrosis. Monocytes and macrophages are recruited and activated
in response to chemoattractants and stimuli released after
kidney injury. Macrophage plasticity adds complexity to their
central roles in kidney fibrosis. After kidney injury, macrophages
polarize into various phenotypes in response to alteration of
the microenvironment in kidney disease. M1 pro-inflammatory
macrophages clear infection but also cause kidney injury;
M2 anti-inflammatory macrophages contribute to resolution
of inflammation and kidney repair yet cause kidney fibrosis
(Tang et al., 2019). Functionally distinct macrophage phenotypes
contribute to the fibro-inflammatory microenvironment by
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abundant secretion of inflammatory and anti-inflammatory
cytokines, mediators of tissue repair including TGF-β, Wnt
ligands, PDGF, CTGF as well as all components of RAS.
Those tissue repair mediators are also key inducers of kidney
fibrosis when secreted in excess and maintained at higher
levels in the chronic inflammatory milieu of kidney disease.
Profibrotic mediators activate a profibrotic signaling network
by cross-talking among multiple signaling pathways including
TGF-β, Wnts, RAS, intergin/ILK, mTOR. Importantly, multiple
pro-fibrotic signaling pathways all converge at activation
of β-catenin/TCF, making β-catenin/TCF a key target for
prevention of kidney fibrosis. Switching β-catenin/TCF to
β-catenin/Foxo redirects signaling from profibrotic to anti-
inflammatory and protects against kidney fibrosis. Targeting
macrophages has long been proposed as a treatment for fibro-
inflammatory kidney diseases. However, the phenotypic plasticity

and conflicting roles of M2 macrophages are major hurdles for
their therapeutic application. Recently we have identified the
β-catenin/TCF/Foxo axis as a key determinant of the signaling
direction of multiple profibrotic pathways. Thus, targeting
macrophage signaling pathway via the β-catenin/TCF/Foxo axis
may provide a new promising strategy for the treatment of kidney
fibrosis in chronic kidney diseases.
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Kidney diseases are highly prevalent and treatment is costly. Immune cells play
important roles in kidney diseases; however, it has been challenging to investigate the
contribution of each cell type in kidney pathophysiology. Recently, the development
of single-cell sequencing technology has allowed the extensive study of immune
cells in blood, secondary lymphoid tissues, kidney biopsy and urine samples, helping
researchers generate a comprehensive immune cell atlas for various kidney diseases.
Here, we discuss several recent studies using scRNA-seq technology to explore the
immune-related kidney diseases, including lupus nephritis, diabetic kidney disease, IgA
nephropathy, and anti-neutrophil cytoplasmic antibody-associated glomerulonephritis.
Application of scRNA-seq successfully defined the transcriptome profiles of resident
and infiltrating immune cells, as well as the intracellular communication networks
between immune and adjacent cells. In addition, the discovery of similar immune cells
in blood and urine suggests the possibility of examining kidney immunity without biopsy.
In conclusion, these immune cell atlases will increase our understanding of kidney
immunology and contribute to novel therapeutics for patients with kidney diseases.

Keywords: kidney, immune system, single-cell RNA sequencing, lupus nephritis, diabetic kidney disease, IgA
nephropathy, anti-neutrophil cytoplasmic antibody-associated glomerulonephritis

BACKGROUND

The kidneys are vital organs serving critical functions in the human body, including clearance
of waste from blood, maintenance of the salt/water balance, and regulation of blood pressure.
In addition to these functions, the kidneys also maintain the homeostasis of the immune system
through filtration and excretion of bacterial toxins, circulating cytokines, and inflammatory
molecules (Kurts et al., 2013; Donnan et al., 2021). Although considerable progress has been
achieved in elucidating the contribution of immune cells in kidney diseases and in translating these
results from the bench to the bedside, determining how these immune cells orchestrate kidney
immunology in health and disease remains a challenge due to the relatively small number of
immune cells and the highly complex cell composition of kidneys. Hence, our understanding of
kidney immunology in humans remains incomplete.

In health, the major kidney resident immune cells are dendritic cells (DCs) and macrophages
(Cao et al., 2011; Kurts et al., 2013, 2020). A small number of lymphocytes are also present in
healthy kidneys (Turner et al., 2018). Therefore, the kidneys, similar to the spleen, can maintain the
peripheral tolerance through the kidney resident antigen-presenting cells (APCs). This becomes
more obvious in end-stage renal disease (ESRD), where both kidney function and the immune
system are severely compromised. Retention of excessive toxins and cytokines in ESRD activates
innate immune cells and increases the production of cytokines and proinflammatory molecules,
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which further causes kidney damage (Betjes, 2013). Kidney-
resident DCs, derived from common DC precursors (CDPs) and
monocytes, are located in the tubulointerstitium and absent in the
glomeruli (Teteris et al., 2011). Resident DCs in the kidney appear
to be crucial for maintaining peripheral tolerance via direct
interaction with filtered antigens in the tubular lumen regions
and for presenting these antigens to T cells in lymph nodes,
which may be more efficient in kidneys than in other organs.
In ischemia-reperfusion (IR) and unilateral ureter obstruction
(UUO) mouse models, resident DCs promoted kidney injury
by producing proinflammatory cytokines. In contrast to DCs,
kidney-resident macrophages are scattered in the renal cortex
and infiltrate into the tubulointerstitium during tissue damage.
Some evidence suggests that kidney-resident macrophages play
protective roles during acute and chronic kidney diseases.
Studies found that the lack of resident kidney CD45+ Ly6G-
F4/80highCD11bint macrophages, which express an inhibitory
immune checkpoint molecule, V-domain Ig suppressor of T
cell activation (VISTA), delays tissue repair in several animal
models (Park et al., 2020). CD11bintF4/80bright kidney resident
macrophages were found to be protective in the ischemic
kidney by promoting proangiogenic environments (Puranik
et al., 2018). In contrast, other studies argue that activation of
macrophages aggravates kidney injury through the production of
proinflammatory cytokines (Yang et al., 1998; Isbel et al., 2001;
Eardley et al., 2008). Thus, kidney-resident macrophages seem to
have diverse effects depending on cell identity, the kidney injury
type and the disease stage.

On one hand, kidneys can be the direct target of the immune
system, by which lymphocytes and/or antibodies interact with
kidney cells and lead to kidney damage. Tubulointerstitium
DCs might capture glomerular antigens, which in turn induce
infiltrating T cells to produce proinflammatory cytokines.
Infiltrating monocytes also contribute to local inflammation and
tissue injury, which have been shown to cause tubular atrophy
and interstitial scarring. On the other hand, kidneys can be an
indirect victim of immune system dysregulation, such as the
immune complexes deposition in glomeruli that promote local
inflammation. Immune complexes can be a result of either an
immune response to infection or a systemic autoimmune disease
condition (e.g., SLE). In both cases, activation of innate and
adaptive immune cells, as well as the complement system, play
important roles in various kidney diseases.

Although a number of previous studies have confirmed the
contribution of immune cells in kidney diseases (Kurts et al.,
2013; Donnan et al., 2021), each of these studies focus on
fewer than three immune cell populations. To date, therefore,
our knowledge and understanding of kidney immunology
as a whole is still incomplete. Here, we discuss the recent
progress and findings in kidney diseases uncovered by scRNA-
seq technology. We briefly introduce the general principles and
current methodologies of scRNA-seq as well as the experimental
design for basic and clinical research related to the kidney
field. We then discuss recent findings focusing on several
immune-related kidney diseases, including LN, DKD, IgAN, and
ANCA-GN, highlighting the changes in immune cell populations
and the possible immune mechanisms revealed by scRNA-seq

technology. Finally, we discuss how the generation of immune
cell atlases might help transform these results into immunological
therapies in the future.

COMPARISON OF SINGLE-CELL
RNA-SEQ METHODS

scRNA-seq technology has been rapidly developed in recent
decades (Figure 1; Tang et al., 2009; Islam et al., 2011; Ramskold
et al., 2012; Macosko et al., 2015; Gierahn et al., 2017), enabling
the characterization of transcriptome profiles in heterogeneous
cell populations at the single-cell resolution (Wagner et al.,
2016). To date, several scRNA-seq methods are commercially
available; each with distinct strengths and limitations with respect
to experiment throughput, detection sensitivity, gene coverage,
and cost per cell (Table 1). General workflow of scRNA-seq
includes single-cell preparation, cell capture and lysis, mRNA
capture and reverse transcription, cDNA amplification, library
construction, next-generation sequencing, and computational
analysis. According to the sequencing length, single-cell RNA-
seq can be divided into full-length, 3′ and 5′ end sequencing
methods. Full-length sequencing captures the whole mRNA
sequences and has a deeper sequencing depth, which make
it very useful in studying genes related to alternative splicing
or at low levels. Both 3′ and 5′ end sequencing has higher
experimental throughput and lower cost per cell. Currently, 3′
end sequencing is more frequently used for whole transcriptomic
assays, while the 5′ end is used to detect the clonal diversity
of T and B cells trough TCR or BCR V(D)J sequencing
(Papalexi and Satija, 2018). With the rapid development and
commercialization of these scRNA-seq methods, an increasing
number of open-source computational tools, from data quality
control, batch effect correction, dimension reduction analysis,
to data visualization, have been developed, which further made
scRNA-seq technology applicable to most researchers. To date,
several scRNA-seq methods have been used to investigate more
than 10,000 cells simultaneously, allowing us to identify both
rare and novel cell populations, investigate the transcriptomic
changes in each cell and analyze the intercellular communication
networks. As mentioned above, single-cell preparation is the first
step of all scRNA-seq technologies which require fresh tissue
samples and successful dissociation of tissue to generate good
quality data and cells should be smaller than the droplets or
microwells. To overcome these technical barriers, researchers
developed the single-nucleus RNA-sequencing (snRNA-seq)
method (Krishnaswami et al., 2016; Lacar et al., 2016; Habib
et al., 2017), where nuclear, not cytoplasmic RNA is sequenced.
Although the RNA-splicing information is lost and the detection
sensitivity is reduced because of the increased level of pre-mRNA,
snRNA-seq is particularly helpful in studying the dissociation-
resistant or frozen samples, and cells with diameters over 50
µm. Therefore, researchers should carefully select scRNA-seq
methods for their studies based on the tissue origin, sample size,
sample storage method, and target cell abundance. It is highly
recommended that target cells should be enriched by FACS when
their population is less than 5% of the total.
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FIGURE 1 | Development of scRNA-seq and its applications in kidney immunology. LN, lupus nephritis; diabetic kidney disease; IgAN, IgA nephropathy; ANCA-GN
anti-neutrophil cytoplasmic antibody-associated glomerulonephritis.

TABLE 1 | List of scRNA-seq methods.

SMART-seq/C1 SMART-seq2 CEL-seq2/C1 10× Genomics
chromium

BD rhapsody

Single cell preparation and
capture

Fluidigm C1
platform

FACS C1 platform 10× Genomics
chromium platform

BD rhapsody
platform

Sample preparation Complicated Complicated Complicated Easy Easy

Quality check Microscope No Microscope No BD rhapsody
platform

UMI-based No No Yes Yes Yes

cDNA coverage Full-length Full-length 3′ counting 5′ or 3′ counting 5′ or 3′ counting

Amplification method TS-based PCR TS-based PCR In vitro transcription TS-based PCR TS-based PCR

Sample multiplexing No No No Yes Yes

Cell number limitation 5–10, 10–17, or
17–25 µm

Less than 50 µm Less than 50 µm Less than 50 µm Less than 50 µm

Required cell numbers per
run

>10,000 No limitation >10,000 >10,000 >20,000

Long term storage No Yes No No Yes

Throughput capability Limited by number
of machines

Limited by operator
efficiency

Limited by number
of machines

Up to 8 samples
per chip

Limited by operator
efficiency

Cost High High Medium Low Low

A study showed that snRNA-seq performed well on inflamed
fibrotic tissue and could capture more cell types including
glomerular podocytes, mesangial cells, endothelial cells, and
juxtaglomerular cells with reduced dissociation-induced bias
and transcriptional stress responses compared to scRNA-seq
(Wu et al., 2019).

In addition to aforementioned scRNA-seq methods, which
provide robust information of different cell populations but
lose the spatial characteristics of samples, high-throughput
spatial transcriptomics techniques were developed and most
of them recorded the spatial information by labeling mRNA
transcripts with location barcodes. Following detachment

and deep sequencing, spatial transcriptomics techniques align
transcripts to their capture spots of origin based on their location
barcode (Longo et al., 2021). Spatial transcriptomics techniques
were powerful in resolving the dynamic change within the
niches under specific biological context, and efforts were made
to increase the resolution and integrated the scRNA seq with
spatial transcriptomes.

In most cases, scRNA-seq was employed in vivo experiment
but its application in vitro also helps people to resolve complex
kidney pathogenic mechanism, especially when studying
cells underwent asynchronous differentiation or continuous
transition. Kidney organoids which were generated from human
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TABLE 2 | Summary of scRNA-seq in kidney diseases.

Author
information

Arazi et al., 2019 Der et al., 2019 Fu et al., 2019 Wilson et al., 2019 Zheng et al., 2020 Tang et al., 2021 Krebs et al., 2020

Disease type LN LN DKD DKD IgAN IgAN ANCA-GN

scRNA-seq
method

Modified
CEL-Seq2

Fluidigm C1 Fluidigm C1 10× chromium Modified
STRT-seq

Singleron Matrix 10× chromium
CITE-seq

Species Human Human Mouse Human Human Human Human and mouse

Tissue origin Kidney biopsy,
blood

Kidney and skin
biopsy, blood

Kidney tissue Kidney biopsy,
blood

Kidney biopsy,
blood

Kidney biopsy,
blood

Kidney biopsy,
blood

Human sample
number

10 control 3 control 3 control 3 non-diabetic 5 control 1 control
(GSE131685)

3 control

24 LN 21 LN kidney
biopsy, 17 skin
biopsy

3 STZ-diabetes 3 Diabetes 5 IgAN 4 IgAN 3 ANCA-GN

Cell number for
analysis

2,736 4,019 829 23,980 8,880 20,570 5,905

Features of the
study

21 leukocyte
clusters; local
activation of B cells;
renal differentiation
of monocytes; type
1 interferon
response genes in
most cells; broad
expression of
CXCR4 and
CX3CR1

Enriched type I
interferon response
genes; association
of high IFN
response and
fibrotic genes in
tubular cells with
non-responders

Increased number
of immune cells in
DKD glomeruli;
macrophages are
major immune cell
type; higher
number of M1
macrophages than
M2

4 clusters of
immune cells,
including T, B,
monocytes, and
plasma cells;
increased number
of leukocytes;
increased
expression of
TNFRSF21 in
monocytes

Increased
interactions
between mesangial
cells,
macrophages, and
T cells; increased
Notch, glycolysis,
fatty acid, and
amino-acid
metabolism genes
in macrophages;
increased
expression of CCL2
and CX3CR1 in
macrophages

Detected
macrophages,
monocytes, and
DCs but not T cells
in IgAN kidney;
decreased
expression of
GPX3, FAM49B,
and FCGBP in
macrophages;
increased
expression of CCL2
and CXCL1;
increased
expression of
Notch, FGF2 and
PDGFD in
mesangial cells

12 clusters of renal
T cells;
CCR6highCCR7-
CD69+ CD4+ TRM

cells display Th17
signature in
ANCA-GN;
pathogen infection
induces TRM17
cells in kidney;
increased level of
IL-17A from TRM17
cells

pluripotent stem cells had self-organizing 3D structure and
mimicked the functions of human kidney. Kidney organoids
emerged as human-based models to study multiple kidney
cells as a whole in vitro and serve to biomarker discovery and
drug invention (Bonventre, 2018). By performing scRNA-seq
of kidney organoids, Digby et al. (2020) found that kidney
organoid demonstrated phenotype of acute kidney injury (AKI)
with higher expression of KIM1 and increased cell damage. The
main injured cell types of cisplatin was change as concentration
altered with interstitial cells at high dose (50 µM) and proximal
tubule cell at low repeated dose. Their study validates the
use of kidney organoids to model AKI in vitro and provided
a suitable stimulation protocol to study AKI. Macrophage-
myofibroblast transition (MMT) is a newly discovered process
and promote kidney fibrosis in a TGF-β/Smad3-dependent
pattern (Meng et al., 2016; Wang et al., 2016). By performing
scRNA-seq to study sorted TGF-β1-treated Smad3+/+ and
Smad3−/− bone marrow-derived macrophages (BMDMs),
Tang et al. (2018) uncovered that the proto-oncogene Src is a
direct target gene of Smad3 and serves as a centric hub in the
gene regulatory network during MMT. They also found that
neural transcription factor Pou4f1 was predicted as the only
transcription factor involved in MMT, and later experiments
validated that Pou4f1 promoted MMT-mediated fibrosis via

a fibrogenic gene network including Fn1, Pdgfrb, Itgb3 et al.
(Tang et al., 2020).

GENERATION OF A KIDNEY CELL ATLAS
THROUGH scRNA-SEQ

Recently, a number of studies have been published using scRNA-
seq technology in kidney research, from those seeking to discover
rare and novel kidney cell types to elucidating cell type-specific
contributions to kidney diseases and understanding intracellular
communication networks (Table 2). A groundbreaking progress
is the generation of healthy kidney cell atlas, which can serve as a
reference transcriptomic map for the future studies (Park et al.,
2018). Park et al. (2018) applied scRNA-seq to healthy mouse
kidneys and provided a molecular definition of kidney cells.
They found five clusters of immune cells in the kidney including
macrophages, neutrophils, natural killer cells, B lymphocytes
and T lymphocytes. Among them, T lymphocytes had the
largest number. They also discovered a novel collecting duct
cell population, which expresses both intercalated and principal
cell markers. They found that a transition between cells of this
subpopulation. When compared with the transcriptional profiles
of kidney cells from a mouse fibrosis model, these novel cells
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discovered by Park et al. (2018) exhibited a shift in the transition
balance toward principal cells. Since intercalated cells play critical
roles in proton secretion, a decreased number of intercalated cells
may lead to metabolic acidosis in CKD patients.

To define the heterogeneity among epithelial, myeloid, and
lymphoid cells, Stewart et al. (2019) performed scRNA-seq using
healthy fetal and adult kidney samples. They discovered that
several immune cell populations in fetal kidneys appear at the
different time points. Certain types of DCs and macrophages
were found to be present at the earliest development stage,
while NK cells, T cells, and monocytes appeared at 9 weeks
of gestation, and B cells were found to present at 12 weeks.
These data reveal the temporal development of immune cells
at single-cell resolution in human fetal kidney. Using mature
kidney samples, this group identified a higher number of immune
cells, including resident macrophages, pDCs, neutrophils, mast
cells, T, B, NK, and NKT cells, compared to that of fetal
kidney samples. In the lymphoid compartment of fetal kidney,
B cells did not express class-switching genes, and CD8 + T
cells expressed the low effector gene GZMH, while in healthy
mature kidneys, B cell clusters expressed IgM, IgG, and IgA,
and polarization of CD4 + T cells was not found through
an analysis of cytokine and transcription factor expression.
Within the NK clusters, there were cells expressing both
γ- and δ-T cell receptors as well as markers of mucosal-
associated invariant T (MAIT) cells. They also demonstrated
that CD8 + T and NK cells in fetal kidneys show decreased
enrichment with genes involved in “T cell receptor signaling”
and “NK cell-mediated immunity,” respectively, compared to
those cells in mature kidneys. Interestingly, Stewart et al. (2019)
also discovered that the transcriptome profiles of macrophages
in both fetal and mature kidneys resembled those of anti-
inflammatory M2 macrophages. Compared with the monocytes
in fetal kidney, monocyte-derived macrophages displayed higher
levels of phagocytosis genes and defense genes to bacteria in
mature kidney. Taken together, these studies provide a novel
immune cell landscape in mouse and human kidneys, which can
be used as a reference dataset and will facilitate the future study
of pathogenic mechanisms.

scRNA-SEQ IN LUPUS NEPHRITIS

Lupus nephritis (LN) is caused by systemic lupus erythematosus
(SLE), an autoimmune disorder in which the immune system
targets the body’s own cells (Davidson and Aranow, 2010; Tsokos,
2011). LN occurs when lupus autoantibodies attack the kidneys,
which leads to hematuria, proteinuria, impaired kidney function,
and even kidney failure. Considerable evidence from pathological
and bulk RNA-seq analyses of LN kidney samples suggests that
the infiltration of lymphocytes is closely associated with reduced
kidney function as well as a poor patient prognosis. One early
study, in which scRNA-seq was performed with kidney and skin
samples from patients with LN and with skin samples from
healthy donors, generated data on 899 cells (Der et al., 2017).
This study demonstrated a correlation between type I interferon
signaling in renal tubular cells and skin keratinocytes in patients

with active lupus nephritis, suggesting the potential of evaluating
LN activity with skin biopsy samples. Unfortunately, the immune
cells identified in this study were very limited due to the small
number of sequenced cells, although some T cells and myeloid
cells were observed in patients with LN.

Later, using strategies to enrich immune cells before
sequencing, two studies reported detailed immune cell landscapes
of the kidneys in LN patients (Arazi et al., 2019; Der et al., 2019).
Both studies suggested that an abundant number of immune
cells are present in the kidneys of patients with LN, including
inflammatory and phagocytic macrophages, DCs, NK cells, B
cells, and a group of memory T cells. The infiltrating myeloid
and lymphoid cells detected by scRNA-seq were confirmed
using immunohistochemical and immunofluorescent methods.
Interestingly, a subset consisting of B and plasma cells, which are
the major sources of autoantibodies, was found to express type
I interferon signature genes in LN kidneys, implying that these
cells play important roles in LN pathogenesis. In normal kidney
tissue, there are two predominant immune cell populations: a
population of myeloid cells that differs from the blood myeloid
cell population and a population of effector memory CD4 + T
cells. Notably, with scRNA-seq, no B cells were found in healthy
kidneys, which was confirmed by the flow cytometry assay. These
results identify the cell populations that contribute to immune-
mediated kidney injury in lupus nephritis and provide novel
insights into B cells and plasma cells, showing that they may
contribute to LN pathogenesis through clonal expansion at the
site of injury; however, further studies are needed to investigate
the detailed mechanism.

In addition, Arazi et al. (2019) demonstrated the possibility
of performing scRNA-seq with immune cells in urine samples,
which provides a non-invasive way to study immune cells in
kidneys. Previously, Park et al. (2018) mapped the disease-
associated genes, which were identified from the GWAS and
other genetic studies, to their scRNA-seq dataset of mouse
kidneys and generated a cell type-specific expression profile
of these disease-associated genes. Similar to this approach, the
Accelerating Medicines Partnership Network integrated risk
genes from GWAS of SLE patients with the scRNA-seq data
generated from patients with LN (Der et al., 2017; Arazi et al.,
2019). Therefore, this approach, the integration of scRNA-
seq data and genetic data, provides additional information
to understand the cell type-specific contribution to kidney
disease pathogenesis.

scRNA-SEQ IN DIABETIC KIDNEY
DISEASE

Diabetic kidney disease (DKD) is one of the most common
microvascular complications of diabetic mellitus and a leading
cause of end-stage renal disease (ESRD) worldwide (Reidy
et al., 2014; Thomas et al., 2015). Although numerous studies
have indicated that immune cells play essential roles in DKD
pathogenesis, the detailed mechanism remains unelucidated
(Wada and Makino, 2016; Flyvbjerg, 2017; Tang and Yiu, 2020).
In a recent study, scRNA-seq was performed using DKD and
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normal kidney tissues, and showed that several types of immune
cells are increased in the glomeruli of diabetic mice (Fu et al.,
2019). The major immune cells detected were macrophages
with highly expressed C1qa, Cd74, and Adgre1. Macrophages
have been previously classified into two subtypes: M1 and M2
macrophages, which are associated with tissue damage and repair,
respectively. Studies have demonstrated that the increased ratio
of M1/M2 macrophages in kidneys strongly correlates with the
urine albumin level and renal fibrosis in DKD (You et al.,
2013). Fu et al. (2019) investigated macrophage clusters in DKD
kidney samples based on 57 and 33 marker genes of M1 and
M2, respectively. As expected, they found a higher number of
M1 macrophages than M2 macrophages in the DKD samples.
This result is consistent with previous studies showing that
inflammatory macrophages are the major immune cells in the
glomeruli of DKD. In addition, only a small number of other
immune cells, such as neutrophils and B cells, were observed
in the DKD kidney samples. Thus, this study suggests that
dysregulation of the M1/M2 macrophage balance may contribute
to tissue injury in DKD kidneys.

In contrast to Fu et al. (2019) study, Wilson et al. (2019)
performed snRNA-seq and observed an approximate 7 fold
increase in leukocyte number in diabetic patients; however, they
failed to detect a significant number of resident macrophages
in the diabetic samples. This discrepancy between two studies
may be due to a limited sequencing cell number or different
sequencing methods. Intriguingly, Wilson et al. (2019) found
that infiltrating monocytes expressed the IFN gamma (IFNGR1
and IFNGR2) downstream signaling genes, such as HLA
class II genes (HLA-DRB1, HLA-DRB5, HLA-DQA1), and
TNFRSF1B, which are implicated as biomarkers for DKD
(Benjafield et al., 2001; Robson et al., 2018; Xu et al., 2018).
When comparing diabetic samples with 2 public datasets of
PBMCs, Wilson et al. (2019) observed increased expression
of TNFRSF21, one of the kidney risk inflammatory signature
(KRIS) genes, in infiltrating CD14 + monocyte populations in
diabetic samples. Interestingly, TNFRSF21 is also one of the
few KRIS urinary markers that was correlated with enhanced
urinary excretion and ESRD. Taken together, these studies
indicate that macrophages/monocytes play important roles in
DKD pathogenesis.

Using the snRNA-seq dataset generated by Wilson et al.
(2019), Wei et al. (2021) found that DKD samples with high
interstitial fibrosis and tubular atrophy displayed a higher cell
number of B cells, suggesting that B cells may also play roles
in DKD. Although a number of studies have confirmed the
contribution of B cells in the pathogenesis of LN, recurrent focal
segmental glomerulosclerosis, and membranous nephropathy
(Fornoni et al., 2011; Gregersen and Jayne, 2012; Fervenza
et al., 2019), the roles of B cells in DKD remains unclear.
Studies have shown that the peripheral CD19+ CD38+ B
cells was increased in diabetic patients (Smith et al., 2017).
Notably, the number of CD19+ CD38+ B cells was found
to be closely correlated with 24 h proteinuria level and was
reduced after treatment. Taken together, these studies provide a
landscape of immune cells in DKD and potential targets for DKD
diagnosis and treatment.

scRNA-SEQ IN IgA NEPHROPATHY

IgA nephropathy (IgAN) is a common primary
glomerulonephritis worldwide. Although this disease was
initially described five decades ago, there are no specific or
effective treatments to date. Approximately one-third of IgAN
patients will progress to ESRD within 30 years after biopsy-
based diagnosis (Roberts, 2014; Lai et al., 2016; Rodrigues
et al., 2017). Recently, a “four-hit” model was proposed to
explain the pathogenesis of IgAN: Unknown upstream factors
cause the synthesis of galactose-deficient (gd)-IgA1 and the
formation of gd-IgA-IgG immune complexes; deposition
of immune complexes causes mesangial cell proliferation
and secretion of inflammatory molecules and extracellular
matrix (ECM) components; these molecules eventually lead to
local activation of the immune system, glomerular sclerosis,
mesangial expansion, and interstitial fibrosis (Lai, 2012; Wyatt
and Julian, 2013; Roberts, 2014; Soares and Roberts, 2018).
However, studies have shown that deposition of gd-IgA1-IgG
immune complexes alone in the mesangium is not sufficient to
induce severe kidney injury, suggesting that the accompanying
inflammation contributes to IgAN pathogenesis, although the
detailed mechanisms remain unclear.

To study circulating and resident immune cells, as well as
other kidney cells, in IgAN, Zheng et al. (2020) applied a modified
STRT-seq method and generated a single-cell transcriptome atlas
of mesangial cells, epithelial cells, and circulating and resident
immune cells. They applied the stepwise isolation method
and captured major cell types in kidney cortex, generating
a dataset with more than 3,000 genes and 30,000 transcripts
per cell. Interestingly, they uncovered that mesangial cell of
IgAN patients expressed higher levels of JCHAIN, a gene
related to the dimerization and transportation of IgA molecules,
which is predominately expressed in B cells. The increased
expression level of this gene in mesangial cells may explain the
mesangium-specific deposition of IgA immune complexes. This
group also validated this result at the protein level; however,
the detailed mechanism remains to be further investigated.
In addition, Zheng et al. (2020) found that mesangial cells
of IgAN patients expressed several inflammatory and ECM
genes. In normal adult kidneys, mesangial cells are thought
to clear immunoglobulins and ECM components; therefore,
mesangial cell proliferation and ECM accumulation are tightly
regulated (Mene et al., 1989). Under IgAN conditions, however,
mesangial cells may have impaired functions in production
and clearance of specific cellular components, leading to
progressive kidney injury.

In another scRNA-seq study, Tang et al. (2021) discovered
that mesangial cells of IgAN patients displayed the increased
expression of MALAT1, GADD45B, SOX4, and EDIL3,
which are also related to cell proliferation and matrix
accumulation. The JCHAIN gene discovered by Zheng et al.
(2020), however, did not appear in Tang et al. (2021) analysis
results. This discrepancy might be due to the different sample
dissociation methods (stepwise isolation vs. the GEXSCOPE
tissue dissociation method) or the different sequencing
platforms (modified STRT-seq vs. Singleron Biotechnologies
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platform). Nonetheless, both studies showed that mesangial cell
proliferation and matrix accumulation play an essential role in
IgAN pathogenesis.

It has been reported that the infiltration and accumulation
of immune cells, especially macrophages/monocytes, in IgAN
kidney tissue are associated with proteinuria and kidney
damage in IgAN. However, the detailed mechanism of
macrophage/monocyte recruitment remains unclear. Both
studies discovered increased numbers of macrophages,
monocytes, and DCs in the kidney of IgAN patients. Zheng
et al. (2020) revealed that PLGRKT and CCL2, two cytokines
that can recruit macrophages/monocytes, were highly expressed
in mesangial cells of IgAN patients. Tang et al. (2021) found
that three genes GPX3, FAM49B, and FCGBP, which are related
to the mitochondrial function, ROS production, and EMT,
respectively, were decreased in macrophages of IgAN. Taken
together, these results provide new evidence showing how
macrophages/monocytes contribute to IgAN pathogenesis.
Furthermore, Zheng et al. (2020) found that the expression
of effector T cell marker genes and cytotoxicity genes was
significantly reduced, while the expression of T cell exhaustion
genes was upregulated in CD8 + T cells of IgAN patients.
These findings suggest a close association between CD8 + T
cell dysfunction and IgAN pathogenesis; however, the detailed
mechanism needs to be further investigated.

scRNA-SEQ IN ANTI-NEUTROPHIL
CYTOPLASMIC ANTIBODY-ASSOCIATED
GLOMERULONEPHRITIS

Anti-neutrophil cytoplasmic antibody (ANCA)-associated
glomerulonephritis (ANCA-GN) is characterized by an
autoimmune response to ANCAs and distinct glomerular
lesions (Berden et al., 2010). Previous studies have indicated that
distinct HLA class II haplotypes and CD4+ T cells are strongly
associated with ANCA-GN (Spencer et al., 1992; Chanouzas
et al., 2015). Substantial infiltrating CD4+ T cells was found
in kidney biopsy samples of patients with crescentic GN. In
addition, CD4+ T cells react to self-antigens in the active disease
stage (Krebs et al., 2017). Experiments with rodent crescentic
GN models suggested that CD4+ T cells, particularly Th17 cells,
promote GN disease progression through the production of
related cytokines, such as IL-17A, IL-17F, and IFN-γ. However,
the contribution of other T cells to ANCA-GN pathogenesis
remains unclear.

Therefore, Krebs et al. (2020) investigated T cells in ANCA-
GN kidneys using scRNA-seq. Compared with healthy kidney
samples, the authors found that samples of patients with ANCA-
GN displayed a significantly increased number of CD4+ tissue
resident memory T (TRM) cells. In addition, they discovered that
a higher number of kidney resident CD69+ cells is negatively
associated with kidney function in patients with active ANCA-
GN. Interestingly, major subsets of CD4+ CD69+ TRM cells
exhibit transcriptomic profiles similar to that of Th1 or Th17
cells. They also displayed increased expression level of genes

involved in cell proliferation, activation, and cytokine signaling.
Therefore, CD4+ TRM cells induced by pathogens may play an
important role in aggravating ANCA-GN, although the detailed
mechanism remains to be elucidated.

FUTURE PROSPECT

scRNA-seq methods have broadly expand our knowledge of
kidney immunity and become more and more powerful and
indispensable tools to study kidney diseases nowadays. Using
scRNA-seq, people could detect gene expression alterations
of specific cell clusters and distinguish universal and unique
regulation pattern. scRNA-seq technologies not only help people
to uncover mechanism under specific pathology process, but also
offer useful information in the disease diagnosis. The diagnosis
of many kidney diseases rely largely on invasive biopsy and
histologic report. As mentioned before, Arazi et al. (2019) showed
that the scRNA-seq profile of immune cells in urine samples
was highly correlated. It is possible that scRNA-seq could be
considered as a substitution of kidney biopsy as it becomes more
economic in the future.

CONCLUSION

scRNA-seq data generated in different laboratories on the basis
of many kinds of human tissues will contribute to the Human
Cell Atlas, an international database with a comprehensive
and systematic reference map of human cells in health and
disease. Eventually, this database will facilitate research by
providing a reference transcriptome atlas at single-cell resolution.
Currently, single-cell technology is increasing our understanding
of kidney immunology at a revolutionary speed. It helps
researchers understand cell heterogeneity, gene regulation, and
cell-cell communication in kidney diseases, which will benefit
disease diagnosis, therapeutic target identification, and off-target
effect improvement. The studies discussed here applied single-
cell technology to a wide range of immune-related kidney
diseases using renal biopsy samples, cells in urine, and/or blood
samples. scRNA-seq has led to the discovery of novel immune
cell populations, gene regulation, and signaling pathways in
immune-related kidney diseases. These findings will improve our
understanding of kidney immunology in healthy individuals and
patients with disease.
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Chronic kidney disease (CKD) leads to significant morbidity and mortality worldwide.
Glomerulonephritis (GN) is the second leading cause of CKD resulting in end stage
renal failure. The most severe and rapidly progressive type of GN is characterized by
glomerular crescent formation. The current therapies for crescentic GN, which consist
of broad immunosuppressive drugs, are partially effective, non-specific, toxic and cause
many serious side effects including infections, cancer, and cardiovascular problems.
Therefore, new and safer therapies are needed. Human amniotic epithelial cells (hAECs)
are a type of stem cell which are isolated from the placenta after birth. They represent
an attractive and novel therapeutic option for the treatment of various inflammatory
conditions owing to their unique and selective immunosuppressive ability, as well as
their excellent safety profile and clinical applicability. In this review, we will discuss
the immunopathogenesis of crescentic GN, issues with currently available treatments
and how hAECs offer potential to become a new and harmless treatment option for
this condition.

Keywords: chronic kidney disease, crescentic glomerulonephritis, human amniotic stem cells, inflammation,
immunity

INTRODUCTION

The immune system and the kidneys are closely linked, and chronic kidney disease (CKD)
often results from various auto(immune) disorders. CKD is due to slowly progressive, chronic
deterioration of kidney function. Crescentic glomerulonephritis (GN) is a chronic immune-
mediated disease which causes severe glomerular inflammation and injury, and often leads to
irreversible kidney failure. It is a common cause of morbidity and mortality worldwide. GN is a
major contributor to the escalating health burden associated with CKD.

Almost all current therapeutic concepts in autoimmune diseases are based on the systemic
suppression of immune functions and are not curative. Currently used immunosuppressive
therapies for crescentic GN are only partially effective, toxic and provide broad, non-specific
immunosuppression, thus producing significant adverse effects. These including mainly severe
infections, but also cancer and cardiovascular events. It is these treatment-caused side effects which
cause the majority of patient deaths. Therefore, new and safer therapies are much needed.
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Human amniotic epithelial cells (hAECs) are a type of stem
cell which are isolated from the human placenta after birth. They
are an attractive and novel therapeutic option for the treatment
of crescentic GN due to their (i) ethical, non-invasive, and speedy
isolation from the amniotic membrane of the placenta which
results in an abundance of readily available cells, (ii) potent
immunosuppressive capacity, (iii) low immunogenicity (ability
to activate the immune system) and (iv) their ability to fight
microbes and cancer and protect against cardiovascular disease.
hAECs have attenuated various inflammatory diseases in mouse
models, without being rejected, producing tumors or causing
any major side effects. They are currently being tested in several
clinical trials to treat different conditions including lung and liver
disease and stroke. The purpose of this review is to discuss and
link some of the major immune and inflammatory mechanisms to
the progression of crescentic GN, discuss the common therapies
and their limitations, and outline the therapeutic potential of
hAECs in safely reducing glomerular injury.

CRESCENTIC GLOMERULONEPHRITIS

The term glomerulonephritis (GN) refers to immune-mediated
inflammation of the renal glomeruli. GN is diagnosed based on
clinical presentation, etiology, histopathology or pathogenesis.
Most patients present with hematuria, proteinuria, and impaired
glomerular filtration rate (Chadban and Atkins, 2005). This
pathological condition can be acute or chronic (developing
over several months to years) based on the timing of clinical
presentation (Mejia-Vilet and Parikh, 2019). Acute GN that
develops into rapidly progressive disease most often results
from conditions that involve an abnormal immune reaction.
Sometimes, acute GN does not resolve, and instead becomes long
lasting (chronic) (Vinen and Oliveira, 2003).

Crescentic GN is a severe form of glomerulonephritis
characterized by the destruction of the renal glomeruli that
often lead to end-stage renal disease over a relatively short
period of time (days, weeks, or months) (Jennette and Thomas,
2001; Jennette, 2003). It is characterized morphologically by
extensive crescent formation, defined as two or more cell
layers in Bowman’s or urinary space (Jennette and Thomas,
2001; Parmar and Bashir, 2019). Crescents are formed by
infiltrating and proliferating immune and local cells, along
with deposited fibrin. This occurs after the disruption of
the glomerular structure, which allow for circulating cells,
inflammatory cytokines, and blood proteins to pass through
the blood vessel wall into the Bowman space. The major
components in the glomerular crescent are procoagulant factors,
macrophages, T cells, fibroblasts, and parietal and visceral
epithelial cells (Karras, 2018; Tsui et al., 2018).

On the basis of immunopathological findings, crescentic GN
can be classified into three major categories: anti-glomerular
basement membrane (GBM) antibody disease (Goodpasture’s
syndrome), immune complex GN (e.g., lupus nephritis), and
pauci-immune GN which is often associated with anti-neutrophil
cytoplasmic autoantibodies (ANCA) and is thus also known as
ANCA-associated vasculitis (AAV) (Jennette and Thomas, 2001;

Parmar and Bashir, 2019). Anti-GBM autoantibodies are highly
specific for Goodpasture’s disease, in which they are generally
directed against the non-collagenous (NC1) domain of the alpha
3 chain of type IV collagen [α3(IV)NC1] (Gulati and McAdoo,
2018). These immunoglobulins cause glomerular capillary wall
damage by local complement activation and neutrophils. T-cells
also play a distinct pathogenic role in driving cell-mediated
destruction of the glomeruli in this disease (Dean et al.,
2005; McAdoo and Pusey, 2017). Environmental factors, like
smoking, hydrocarbons and exposure to high oxygen, are
thought to increase the likelihood of developing anti-GBM
(McAdoo and Pusey, 2017. Anti-GBM GN accounts for around
10–15% of all cases of crescentic GN (McAdoo and Pusey,
2017). Immune complex GN, which comprises 25–30% of all
cases crescentic GN, is characterized by a granular pattern of
immune complex deposition in glomeruli (Naik and Shawar,
2020). AAV is associated with ANCA specific for neutrophil
proteins, predominantly myeloperoxidase (MPO) or proteinase
3 (PR3) (Dey et al., 2016). This is the most common form of
crescentic GN, contributing to about 65-70% of all cases (Naik
and Shawar, 2020), and it refers to a necrotizing/crescentic GN
with few or no immune deposits in glomeruli, as detected by
immunofluorescence (Syed et al., 2015).

Pre-clinical Models of Crescentic
Glomerulonephritis
Experimental evidence for the pathogenesis of crescentic
GN comes mainly from pre-clinical models, including lupus
nephritis, experimental autoimmune GN (EAG; model of
Goodpasture’s disease), MPO-ANCA vasculitis and nephrotoxic
nephritis (NTN).

Nephrotoxic Nephritis
A large body of evidence about the immunopathogenesis of
crescentic GN has come from one of the most widely used and
best-characterized models, called nephrotoxic nephritis (NTN),
also known as autologous anti-GBM globulin GN. In this
model, rodents such as rats, mice and rabbits are passively
injected with foreign polyclonal antibodies (globulins) targeting
the mouse GBM (Odobasic et al., 2014). It comprises of
two distinct phases. The first phase is called the heterologous
phase and is associated with transient glomerular injury and
inflammation due to the binding of injected foreign antibodies
in a linear fashion to the GBM, before the development of an
adaptive immune response (Odobasic et al., 2014). This phase
is characterized by a neutrophil influx which peaks around 2
h after the injection of transferred antibodies, and proteinuria,
peaking within the first 24 h (Schrijver et al., 1990; Tipping
et al., 1994; Odobasic et al., 2014). Neutrophils contribute
to glomerular damage by producing several inflammatory
mediators including reactive oxygen species (ROS), proteases
(Johnson et al., 1988; Couser, 1998), and MPO (Odobasic et al.,
2007). Accumulation of neutrophils in inflamed glomeruli is
dependent on intraglomerular expression of adhesion molecules,
P-selectin, and intercellular adhesion molecule-1 (ICAM-1)
(Tipping et al., 1994; Nomura et al., 1996; Saleem et al., 1998).
The pathogenic role of neutrophils in glomerulonephritis is based
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on the production of several inflammatory mediators including
ROS and protease such as elastase, proteinases and cathepsin G
(Johnson et al., 1988; Couser, 1998).

The second phase is called the autologous phase and tends to
begin about 6 to 7 days later. It is caused by an adaptive immune
response to the foreign anti-GBM globulin (Odobasic et al., 2014;
Ougaard et al., 2018). This phase is characterized by more severe
injury and crescent formation due to the presence of cellular
effectors including CD4+ T cells, macrophages, neutrophils and
fibrin (Huang X.-R. et al., 1997; Huang X. et al., 1997).

In mice, an accelerated model of NTN can be induced by pre-
immunizing mice with normal sheep globulin (NSG) (Ougaard
et al., 2018). In accelerated NTN, the use of adjuvants which
contain dead mycobacteria are included in the pre-immunization
to improve the immune response (Ougaard et al., 2018). This pre-
immunization produces a strong T and B cell response to sheep
globulin and gives rise to an immediate autologous phase once
sheep anti-GBM antibodies are administered (Odobasic et al.,
2014). For animal models without pre-immunization, injury is
less acute compared to the pre-immunized accelerated model and
termed as a non-accelerated model (Odobasic et al., 2014).

Experimental Models of MPO-AAV, Lupus Nephritis,
and Goodpasture’s
Other models of crescentic GN exist and they have been also
widely used to reveal pathogenetic mechanisms of disease. MPO-
AAV can be induced in mice by immunizing animals with
MPO which results in the development of active anti-MPO
autoimmunity, followed by neutrophil lodgment in glomeruli
and deposition of the autoantigen for subsequent recognition
by MPO-specific T cells (Ruth et al., 2006; Odobasic et al.,
2019). Alternatively, glomerular injury can be initiated by
passive transfer of anti-MPO antibodies (Xiao et al., 2002; Ooi
et al., 2014). Experimental autoimmune GN (EAG), a model
of Goodpasture’s disease, can be induced in mice by repeated
immunization with α3(IV)NC1 (Ooi et al., 2009). Several
models of lupus nephritis exist in which susceptible mice such
as MRL/lpr and NZB/NZWF1 spontaneously develop disease
(Richard and Gilkeson, 2018). Although none of these models
fully recapitulate human disease, they all (including NTN) closely
resemble crescentic GN seen in patients, both immunologically
and pathologically, and are therefore invaluable pre-clinical tools
to study disease pathogenesis and test new potential therapies.

Mechanisms of Pathogenesis of
Crescentic Glomerulonephritis
Multiple immune mechanisms contribute to the pathogenesis of
crescentic GN. A summary of the main immune pathways which
positively or negatively regulate the development of crescentic
GN is shown in Figure 1A.

The Role of Innate Immunity – Neutrophils and
Macrophages
Innate and adaptive immune system activation are a common
underlying mechanism for several forms of crescentic GN (Imig
and Ryan, 2013). Studies in the NTN model using neutrophil
depletion have shown that these cells contribute to glomerular

injury during the early autologous phase of disease (Disteldorf
et al., 2015). Macrophages are the dominant effector cells present
in the kidney which mediates glomerular crescent formation and
kidney damage in all models of crescentic GN (Lan et al., 1997;
Odobasic et al., 2014; Rousselle et al., 2017). Their accumulation
within glomeruli has been blocked by administration of
polyclonal sheep anti-rabbit macrophage serum in models of
anti-GBM disease, leading to prevention of the development of
GN (Holdsworth et al., 1981). Moreover, a micro-encapsulated
approach in which macrophages are depleted by clodronate has
resulted in reducing renal damage in anti-GBM GN (D’Souza
et al., 1999). Further studies have shown that macrophages
can induce glomerular injury by several mechanisms including
deposition of fibrin (which impairs glomerular filtration) and
production of various proinflammatory mediators including
ROS, reactive nitrogen species such as nitric oxide (NO) and
cytokines such as IL-1, TNF-α, and macrophage migration
inhibitory factor (MIF) (Imig and Ryan, 2013).

The Role of Adaptive Immunity – T Cells and B Cells
Numerous studies in various models of crescentic GN have
shown that CD4 + T cells play a critical role in this disease
(Tipping et al., 1998; Dean et al., 2005; Ruth et al., 2006). CD4
T helper cells (Th) can be divided into several subsets, with
the major and best-understood ones being Th1, Th17 and Th2,
mainly characterized by the expression of IFNγ, IL-17A, and IL-4,
respectively. Several studies have indicated that crescentic anti-
GBM globulin GN is driven by Th1 cells, while Th2 cells reduce
the severity of disease. For instance, GN induced in mice with
a predominant Th1 response (C57BL/6) shows severe crescentic
formation with prominent glomerular T cell and macrophage
infiltration and fibrin deposition which are associated with
elevated IFN-γ and weak IL-4 production (Huang X.-R. et al.,
1997). On the other hand, in Th2-prone (BALB/c) mice, crescent
formation as well as glomerular T cell and macrophage influx
were relatively low (Huang X.-R. et al., 1997). In addition,
mice lacking endogenous IFN-γ developed less severe GN than
genetically normal C57BL/6 mice, whereas IL-4-deficient mice
developed more severe crescentic GN associated with increased
accumulation of T cells and macrophages in glomeruli (Kitching
et al., 1998, 1999). While IFNγ is protective in EAG (Kitching
et al., 2004), the Th1 pathway has also been shown to promote
glomerular crescent formation and kidney injury in experimental
lupus nephritis and MPO-AAV (Richards et al., 2001; Summers
et al., 2011).

Moreover, it has become clear that the Th17 pathway is
important in the development of crescentic GN. In experimental
MPO-AAV, mice lacking IL-17A are protected from early
glomerular injury (Gan et al., 2010). Similarly, several lines
of evidence, coming from using IL-17A-deficient mice or
infusion of Th17 cells, have shown that the Th17 pathway
promotes early glomerular injury in NTN (Paust et al., 2009;
Summers et al., 2009; Odobasic et al., 2011), in line with results
from experimental autoimmune uveitis (Luger et al., 2008).
On the contrary, the Th1 pathway acts later in the disease
process and produces more severe GN (Odobasic et al., 2011).
Interestingly, local IL-17A production is protective in crescentic
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FIGURE 1 | The major immune pathways involved in the pathogenesis of crescentic GN and mechanisms by which hAECs may attenuate glomerular injury.
(A) Effector immune mechanisms in crescentic GN. Macrophages contribute by secreting nitric oxide (NO) and TNF-α, while neutrophils contribute by producing
reactive oxygen species (ROS) and releasing myeloperoxidase (MPO) enzyme. IFN-γ produced by Th1 cells mediates crescent formation. IL-17A (a Th17 cytokine)
promotes early stage of kidney injury, but attenuates established disease by inhibiting Th1 responses. B cells, which act as antigen-presenting cells and produce
autoantibodies, also promote glomerular injury. On the contrary, IL-4 producing Th2 and IL-10-producing regulatory T cells (Tregs) play a protective role in this
disease. Arrows indicate glomerular crescent formation. (B) Potential mechanisms by which hAECs may reduce inflammation and damage in glomeruli. hAECs
suppress activation and/or infiltration of pro-inflammatory T cells (Th1 and Th17), B cells, macrophages and neutrophils, while promoting inhibitory cells such as
Tregs and Th2. They exert their effects by producing anti-inflammatory mediators such as TGF-β, IL-10 and PGE2, and releasing exosomes, to restrict kidney injury.

GN (Hamour et al., 2015), and in later stages of the disease
(which is mediated by Th1), IL-17A can attenuate injury by
systemically inhibiting Th1 responses (Odobasic et al., 2011).

Tregs are a specialized inhibitory subset of CD4 + T cells
characterized by expression of CD25 and Foxp3. They play
a key role as negative regulators of pathogenic immunity in
crescentic GN. Studies using Foxp3-GFP reporter mice explored
the functional role of T-regulatory cell in inhibiting anti-GBM
nephritis (Ooi et al., 2011). Foxp3 protected against renal damage

in anti-GBM GN induced in antigen-primed Foxp3-transgenic
mice, via boost of Treg numbers and activity, and inhibition
of Th immune responses at the systemic level and at sites of
tissue injury (Yang et al., 2017). Similarly, Tregs are protective
in other models of crescentic GN including MPO-AAV and
lupus nephritis (Humrich et al., 2010; Tan et al., 2013; Odobasic
et al., 2019). Further studies have shown that Tregs attenuate
crescentic GN by releasing a potent anti-inflammatory cytokine,
IL-10 (Ostmann et al., 2013).
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In addition to T cells, B cells and autoantibodies have also
been demonstrated to play a major role in the development
of crescentic GN. B cells and/or antibodies against various
autoantigens including MPO in AAV, α3(IV)NC1 in
Goodpasture’s and nuclear antigens in lupus, are pathogenic
in experimental crescentic GN (Xiao et al., 2002; Dean et al.,
2005; Richard and Gilkeson, 2018). In contrast, evidence coming
from µ-chain knockout mice, which lack mature B cells and
cannot produce immunoglobulin, has shown that glomerular
antibody deposition is not essential for crescent formation in
response to the planted glomerular antigen in the NTN model
(Li et al., 1997). B cells are well known to promote immune-
mediated injury by several mechanisms including acting as
antigen-presenting cells to activate T cells and differentiating
into autoantibody-producing plasma cells.

Pathogenic Mechanisms in Human Crescentic
Glomerulonephritis
In human studies, strong evidence from patients’ kidney biopises,
and blood samples has accumulated to support the role of
immune cells and antibody in cresentic GN, with findings similar
to those in animal models. While neutrophils are prominent in
cresentic GN (Kaplan, 2013), a considerable body of evidence
has emerged to show that CD4 + T cells and macrophages
are critically involved in all patterns of human cresentic
glomerulonephritis (Stachura et al., 1984; Bolton et al., 1987;
Nolasco et al., 1987; Müller et al., 1988; Cunningham et al., 1999).
Although many limitations have constrained the assessment of
nephritogenic responses in human GN, a number of studies have
indicated that cresentic glomerulonephritis is a manifestation of a
Th1 predominant delayed type hypersensitivity (DTH)-mediated
immune response associated with predominant infiltration of
macrophages and deposition of fibrin (Kitching et al., 2000).
Furthermore, patients with crescentic GN have increased serum
levels of IL-17A in comparison to healthy individuals, suggesting
a role for the Th17 pathway in disease pathogenesis (Lu
et al., 2017; Herrnstadt and Steinmetz, 2020). Human studies
in AAV, SLE, and Goodpasture’s syndrome have revealed
that dysregulation of Treg homeostasis and function is also
associated with the development of crescentic GN (Herrnstadt
and Steinmetz, 2020). Finally, B cells and autoantibodies against
various endogenous targets in crescentic GN are pathogenic in
human disease (Falk and Jennette, 1988; McAdoo and Pusey,
2017).

Current Therapies for Crescentic
Glomerulonephritis
In general, crescentic GN therapy is often classified into two
phases. First is the activation of remission phase during the
acute period, followed by the subsequent phase of maintenance
therapy to control the underlying long-term immunopathology
(Parmar and Bashir, 2017). The induction treatment is mainly
composed of high-dose corticosteroids and intravenous (i.v.)
pulse cyclophosphamide with the purpose of blocking the
active inflammation and reducing the cellular and humoral
immune response (Jennette, 2003; Moroni and Ponticelli, 2014).
In addition, therapeutic plasma apheresis (plasma exchange)

is a form of treatment that is frequently used to treat
almost all types of crescentic GN by removing pathogenic
autoantibodies (Flossmann et al., 2011; Kallenberg, 2014;
Prendecki and Pusey, 2019).

Corticosteroids, synthetic drugs which closely resemble
cortisol hormone, have been used for decades to modulate
inflammation therapeutically by decreasing the movement of
neutrophils to the inflammatory sites and inducing a transient
lymphocytopenia (Olnes et al., 2016). This medication inhibits
the expression and action of most proinflammatory cytokines,
adhesion molecules, and suppresses MHC expression (Ponticelli
and Locatelli, 2018). Cyclophosphamide, a cytostatic drug, is one
of the oldest anti-cancer drugs and is widely used in therapy of
crescentic GN by reducing the activity of the immune system
(Jhaveri et al., 2013). Cyclophosphamide therapy significantly
reduces total neutrophil, macrophage and lymphocyte counts
(Jhaveri et al., 2013; Ménétrier-Caux et al., 2019).

Combination therapy with pulse cyclophosphamide plus pulse
methyl prednisolone therapy significantly reduce proteinuria,
serum creatinine, the level cellular crescents in crescentic GN
(Tumlin et al., 2003), and present a greater reduction in
the risk for ESRD.

However, induction therapy (corticosteroids with
cyclophosphamide) is only partially effective, non-specific
and produces many toxicities and serious side effects. Therefore,
there is a major unmet need for safer, effective therapies. For
example, in AAV, this treatment induces remission in 70–90%
of patients, but the incidence of dialysis or death at 5 years is
still high (∼30%), with the majority of early deaths caused by
drug-related side effects, mainly infections caused by broad
immunosuppression (Flossmann et al., 2011; Kallenberg, 2014;
King and Harper, 2017). In lupus nephritis, remission is achieved
in 50–60% of patients at best (Menez et al., 2018), relapse
occurs in up to 25% of cases (Menez et al., 2018; Anders et al.,
2020) and despite optimal care, many patients (up to 20%)
develop kidney failure which requires renal transplantation or
dialysis for survival (Menez et al., 2018; Anders et al., 2020).
The unwanted adverse effects caused by these drugs include
predominantly severe infections, as well as increased risk of
malignancy, bone disease, dysglycemia, obesity, hypertension,
mental problems, gastrointestinal bleeding, cataracts, and
long-term risks of developing cardiovascular disease (King
and Harper, 2017; Jefferson, 2018). More recently, rituximab,
a pan B cell depleting anti-CD20 monoclonal antibody, has
been approved for use instead of cyclophosphamide as a
second line of treatment, particularly in AAV. However,
although it is not inferior to cyclophosphamide in reducing
disease, it induces similar rates of adverse effects, mainly
infections, most likely due to hypogammaglobulinaemia
and late onset neutropenia (Jones et al., 2015; Santos et al.,
2020).

Adalimumab, an anti-TNFα monoclonal antibody, has been
used as an adjunct therapy to standard immunosuppression.
It can be an effective therapy for the induction of remission
in AAV and may permit reduced prednisolone dosing, thus
decreasing therapy-related toxicity (Laurino et al., 2010).
However, other anti-TNFα agents, infliximab and etanercept,
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failed to demonstrate a benefit for remission maintenance in
patients with AAV (Booth et al., 2004; Wegener’s Granulomatosis
Etanercept Trial (WGET) Research Group, 2005).

Mycophenolate mofetil (MMF), is a salt form of the
immunosuppressive drug mycophenolic acid. It inhibits the
releasing of proinflammatory cytokines, nitric oxide, and LDH
in macrophages and suppresses proliferation and infiltration of
both T and B lymphocytes (Allison and Eugui, 2000). Recent
studies, indicate that MMF may be as or even more effective in
reducing proteinuria and hematuria and less toxic compared with
cyclophosphamide in LN (Hu et al., 2002).

STEM CELL-BASED THERAPY FOR
AUTOIMMUNE AND INFLAMMATORY
DISEASES

Stem cell-based therapy is an attractive approach to ameliorate
a broad range of human diseases and injuries, and it has
been proven to be safe and effective in a wide range of
immune-mediated diseases (Jin et al., 2014). Several types
of stem cells, including mesenchymal, induced pluripotent
and embryonic (Ryu et al., 2020), have reduced organ
injury in models of inmune diseases and their potential side
effects and efficiency have been assessed in clinical trials
(Mûzes and Sipos, 2019).

Mesenchymal, Embryonic, and Induced
Pluripotent Stem Cells
Mesenchymal stem cells (MSCs) are multipotent adult stem
cells that exist in various locations including umbilical cord,
bone marrow and adipose tissue (Murray and Péault, 2015).
MSCs have been successfully applied in treating a vast array
of inflammatory and autoimmune conditions such as graft-
versus-host disease (GVHD), multiple sclerosis (MS), type 1
diabetes (T1D), inflammatory bowel diseases (IBD), systemic
lupus erythematosus (SLE), rheumatoid arthritis (RA), lung
fibrosis, liver, and pancreatic fibrosis (Ryu et al., 2020).
These cells modulate the immune reaction directly through
regulating various immune cells including dendritic cells (DCs),
macrophages, B cells, T cells and neutrophils, and by producing
suppressive cytokines such as IL-10, TGF-β, and IL-35, as
well as expresssing inhibitory ligands and receptors (e.g., PD-
L1 and PD-1) (Jiang and Xu, 2020). MSCs can attenuate
the development of crescentic GN (Thakkar et al., 2017) by
decreasing neutrophil and macrophage recruitment to the kidney
and promoting the phenotypic switching of renal macrophages
to immunoregulatory cells (Furuhashi et al., 2013). In addition,
the beneficial effects of MSCs in GN appear to be mediated
by modification of the Th1/Th2 and/or Th17/Treg balance
and inhibition of B-cell activation, as well as stimulation
of IL-10, IL-4, foxp3, prostaglandin E2 (PGE2), and TGF-
β production (Ma et al., 2013; Suzuki et al., 2013). Hence,
MSCs have demonstrated capacity to attenuate experimental
crescentic GN, but they also have a few disadvantages and
carry some risks. For example, some methods of MSC isolation

are invasive (e.g., obtaining MSCs from the bone marrow
or adipose tissue). MSCs also require long-term culture
(weeks) to expand adequate cell numbers for infusion. This
increases the cost and risk of in vitro mal-transformation.
It is also not optimal for the treatment of diseases such
as crescentic GN in which early treatment is required to
stop the progression of rapidly progressing deterioration of
kidney function.

Embryonic and induced pluripotent stem cells (ESCs and
iPSCs) are pluripotent stem cells. ESCs are isolated from the
inner cell mass of blastocysts, while iPSCs are produced from
adult somatic cells that are genetically reprogrammed to an
ESC-like state by transcription factors (Ryu et al., 2020). It
has been reported that the ESC-loaded gelatin microcryogels
on rats slowed down the progression of CKD and alleviated
glomerular injury (Geng et al., 2016). Likewise, administration
of iPSCs in models of CKD preserved residual renal function
by decreasing macrophage infiltration, upregulating TGF-β,
inhibiting apoptosis and regulating cell proliferation and death
signaling (Caldas et al., 2017; Sheu et al., 2020). Thus, ESCs and
iPSCs may be able to reduce glomerular damage and retard the
progression of CKD, but they also have some disadvantages. For
instance, isolation of ESCs poses obvious ethical concerns, while
iPSCs carry the risk of tumor development (Caldas et al., 2017).

Human Amniotic Epithelial Cells
One particular stem cell type, hAECs, have attracted much
attention in the recent years as an ideal therapuetic option
for the treatment of autoimmune and inflammatory disorders
due to their immunosuppresive ability and their superior safety
and clinical applicability over other stem cell types. hAECs are
a heterogeneous epithelial population that originates from the
lining of the inner membrane of the placenta which provides
an abundant cellular source for stem cell-based therapy (Miki
et al., 2005). In comparison to other sources of stem cells,
gestational tissue gives great advantages including easy collection
without the need for invasive methods (Qiu et al., 2020).
Large numbers of hAECs can be isolated from the placenta
after birth, thus bypassing ethical barriers and resulting in an
abundance of immediately available, primary (non-cultured)
cells to be used therapeutically. These epithelial stem cells
are pluripotent and have the capability of self-renewal and
differentiating into all three germ layers, including the ectoderm,
mesoderm, and endoderm (Miki et al., 2005). hAECs have
immense potential to safely reduce the burden of many serious
diseases and injuries to different organs, including the kidney,
due to their unique properties (Ren et al., 2020). They possess
some degree of plasticity, immune privilege, non-tumorigenicity,
anti-infection/cancer properties, and lack of ethical concerns
and paracrine properties that are essential to their potential
therapeutic applications in immune-mediated diseases (Qiu et al.,
2020).

Low Immunogenic Profile
Human Leukocyte antigens (HLA), encoded by the major
histocompatibility complex (MHC) gene complex in humans, are
the major molecules that initiate graft rejection (Mahdi, 2013).
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However, low HLA class-I (HLA-A, HLA-B, and HLA-C)
expression and HLA class-II (HLA-DR) on hAEC surface have
been identified, resulting in a low immunogenic profile upon
transplantation (Hori et al., 2006). hAECs express non-classical
HLA-G, which is thought to protect the fetal semi-allograft
from maternal immune system rejection (Lefebvre et al., 2000).
Expression of HLA-G confers a degree of immune privilege by
suppressing natural killer cells, inducing apoptosis of activated
CD8 + T cells and inhibiting CD4 + T cell proliferation
(Banas et al., 2008).

Low Risk of Tumor Formation
Tumorigenicity is a common obstacle for cell-based therapies,
since some cells may cause formation of tumors due to being
immortal. Unlike ESCs and iPSCs (Ben-David and Benvenisty,
2011), hAECs do not express telomerase reverse transcriptase
(Miki et al., 2005), which is a catalytic subunit of the telomerase
enzyme playing a central role in tumorigenesis (Daniel et al.,
2012). Therefore, hAECs do not promote tumor formation after
transfer into recipients.

Immunosuppressive Capacity
Consistent with the role of the placenta to protect the fetus
from being attacked by the maternal immune system during
pregnancy, hAECs are immunosupressive. Similar to MSCs, the
beneficial effects of hAECs are primarily mediated via their
paracrine actions and not by their differentiation into target cells
(Tögel et al., 2005; Wang et al., 2014). hAECs have blocked
the immue system by suppressing effector T cells, switching
macrophage polarization from M1 to anti-inflammatory M2
phenotype, and inhibiting neutrophils (Li et al., 2005; Tan J.L.
et al., 2018). In addition, several studies in animal models
have shown that they can exert immunomodulatory effects by
inducing other immunosupressive cells, in particular Tregs and
Bregs (Manuelpillai et al., 2010; Liu et al., 2012; Tan et al., 2014,
2015; Evans et al., 2018; Li et al., 2018; Tan B. et al., 2018).
Moreover, in vitro studies showed similar inhibitory effects of
hAECs on human cells. For instance, hAECs suppressed human
CD4 + T cell proliferation, induced a Th2 cytokine profile,
suppressed production of Th1 and Th17 cytokines and promoted
differentiation of naïve CD4+ T cells into Tregs (Wolbank et al.,
2007; Motedayyen et al., 2018).

Human amniotic epithelial cells have been reported to inhibit
immunity by secreting various immunosuppresssive mediators.
For example, they produce prostaglandin E2 (PGE2), which has
several immunosuppressive properties such as inhibition of T
cell proliferation. hAECs also secrete TGFb, a T cell growth
inhibitor and a powerful immunosuppressive molecule (Liu
et al., 2012). In addition, the suppressive activity of hAECs
has been demonstrated through an increased secretion of the
anti-inflammatory cytokine IL-10 (Charles-Henri and Ekaterine,
2020). IL-10 inhibits proinflammatory cytokine production, as
well as Th1 and macrophage activation (Howes et al., 2014).

Anti-infection and Anti-cancer Properties
Unlike the current therapies for crescentic GN, hAECs have
anti-infection properties and protect against cancer development.

Human β-defensins, small proteins which promote microbial
death, are primarily expressed by epithelial and immune cells
at mucosal surfaces (Dorin et al., 2015). These natural anti-
microbial molecules have been reported to be secreted by human
placenta cells including hAECs and by the fetal membrane during
human pregnancy in order to protect the uterus from infection
(King et al., 2007; Nemr et al., 2017). hAECs also produce type I
interferons (IFNs) in response to viruses in vitro (Uchide et al.,
2002; Nemr et al., 2017). This group of proteins, which is made
up mainly of IFNα and IFNβ, initiate intracellular anti-microbial
systems and influence innate and adaptive immune responses
(Ivashkiv and Donlin, 2014). They are secreted by infected
cells and are important for host protection against viruses
through the induction of anti-viral effector molecules (Uchide
and Toyoda, 2007). Moreover, hAECs supress cancers directly
by inducing apoptosis and reducing motility of malignant cells
(Niknejad et al., 2014). They also suppress tumor development
indirectly by promoting anti-tumor cytotoxic T cell immunity
in vivo, as shown in a mouse model of colon adenocarcinoma
(Tabatabaei et al., 2018).

Protection From Cardiovascular Disease
In contrast to the current drugs used to treat crescentic GN,
hAECs also protect against cardiovascular disease. They have
decreased areas of myocardial infarction in athymic nude rats
(Fang et al., 2012). In addition, administration of hAECs has
reduced brain injury in a murine and non-human primate model
of ischemic stroke (Evans et al., 2018).

Human Amniotic Epithelial Cells in
Preclinical Studies
Human Amniotic Epithelial Cells in Autoimmune
Diseases
Administration of hAECs has ameliorated immune-mediated
organ damage in models of several autoimmune diseases. hAEC
infusion in experimental autoimmune thyroiditis (EAT) and
SLE maintained organ function, minimized inflammation and
modified the immune balance (Tan B. et al., 2018). In EAT, hAECs
reduced disease severity by inhibiting infiltration of inflammatory
cells in thyroid glands, as well as suppressing Th17 responses.
Moreover, hAECs improved the local cytokine environment in
both EAT and SLE mice, by suppressing the levels of IFN-γ and
enhancing TGF-β (Tan B. et al., 2018). In SLE mice specifically,
hAEC administration promoted Tregs and decreased the levels
of pathogenic autoantibodies (Tan B. et al., 2018).

Human amniotic epithelial cell also potently attenuated
disease severity in experimental autoimmune encephalomyelitis
(EAE), and a mouse model of multiple sclerosis (MS) (Liu
et al., 2012). T cell and macrophage infiltration were significantly
reduced by hAEC treatment. It was reported that hAECs utilized
PGE2 and TGF-β for their immunosuppressive effects (Liu et al.,
2012). In another relapsing model of MS, hAECs significantly
ameliorated disease progression, while promoting Tregs and
augmenting Th2 responses (McDonald et al., 2015).

In an autoimmune uveitis (EAU) rat model, hAECs treatment
ameliorated the pathological progression of disease and
maintained the retinal structural organization (Li et al., 2018).
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Infiltration of macrophages and T cells was suppressed after
hAEC administration. The stem cells regulated the balance of
T cell subsets by decreasing Th17 cells and boosting IL-10-
producing Tregs in the spleen and lymph nodes. Furthermore,
hAEC treatment changed the ocular chemokine and cytokine
environment in EAU rats, indicated by decreased levels of
monocyte chemoattractant protein-1, IL-17 and IFN-γ levels,
and enhancement of IL-10 (Li et al., 2018).

The immunomodulatory effect of hAECs has also been
investigated in mice with autoimmune ovarian disease (AOD)
(Zhang Q. et al., 2019). The outcomes showed that hAEC
injection improved ovarian function. This was associated with a
significant increase in the number of Tregs in the spleen of AOD
mice (Zhang Q. et al., 2019).

Human Amniotic Epithelial Cells in Other
Inflammatory Diseases
Transplantation of both hAECs and their soluble factors have
shown beneficial effects in animal models of hepatic fibrosis.
hAECs given to mice with induced liver fibrosis reduced
hepatocyte apoptosis and decreased hepatic inflammation and
fibrosis (Manuelpillai et al., 2010). This study showed that intact
cells expressing human-specific markers, inner mitochondrial
membrane protein and HLA-G were found in mouse liver
2 weeks following hAEC injection, without evidence of host
rejection of the transplanted cells (Manuelpillai et al., 2010).
In another study using the same model, hAECs significantly
decreased liver fibrosis, in line with reduced hepatic levels of
the pro-fibrogenic cytokine TGF-β1, increased expression of
the anti-inflammatory mediator IL-10 and decreased hepatic
T cell infiltration (Manuelpillai et al., 2012). Furthermore,
hAECs administration reduced hepatic macrophage numbers
and induced an anti-inflammatory M2 macrophage phenotype
(Manuelpillai et al., 2012).

In a rat model of ischemic stroke, hAECs were administered
by intracerebral injection, after which they reduced the infarct
volume and cerebral apoptosis (Liu et al., 2008). A further
study in mice found that hAECs injected 1.5 h after stroke
migrated to the ischemic brain and spleen, and limited functional
deficit, infarct volume and brain inflammation (Evans et al.,
2018). In a rat model of intracerebral hemorrhage, Liang et al.
reported that hAECs reduced the levels of proinflammatory
cytokines TNF-α and IL-1β in microglia culture medium (Liang
et al., 2014). Similarly, in preterm fetal sheep models of brain
injury, inflammation was reduced in fetuses that received hAECs
(Yawno et al., 2013).

Many studies have explored the immunomodulatory effect of
hAECs on lung fibrosis. A study using the bleomycin-induced
model of pulmonary fibrosis showed that hAECs can modulate
the host inflammatory response, decrease fibrosis and preserve
lung function (Murphy et al., 2011). hAECs reduced expression
of the pro-inflammatory cytokines TNF-α, IFN-γ and IL-6, and
reduced inflammatory cell infiltration (Murphy et al., 2011).
A further study using the same model demonstrated that hAEC
administration significantly decreased macrophage recruitment
into the lung and promoted the majority of alveolar macrophages
toward the M2 phenotype (Tan et al., 2014). Moreover, hAECs

treatment increased Treg numbers in the injured lungs. It was
found that hAECs require Tregs to polarize macrophages toward
an M2 phenotype and that hAECs promote Treg cells via TGF-β
(Tan et al., 2015).

A recent study in a mouse model of renal ischemia-reperfusion
injury, which leads to acute kidney injury, has shown that
systematically administered hAECs effectively regulated the
kidney immune response (Ren et al., 2020). hAEC infusion
attenuated tubular cell death and endothelial necrosis and
increased cell proliferation in the injured kidney. The stem cells
reprogramed macrophages to shift from a pro-inflammatory
M1 to anti-inflammatory M2 phenotype. In addition, hAECs
enhanced levels of IL-4 and IL-13 and decreased levels of
TNFα and IFNγ, which in turn helped to minimize the
inflammatory response.

Secretome Derived From Human
Amniotic Epithelial Cells
The secreted factors (also named secretome) exist in the
medium where the stem cells are cultured. Numerous
studies on stem cell-derived secreted factors showed that
these mediators alone, without the stem cell itself, affect
the maturation, migration, polarization and function of
immune cells, and thus influence the strength and duration of
immune responses. The hAEC secretome contains metabolites,
lipids, free nucleic acids, cytokines, growth factors and
extracellular matrix proteins. These are all known to play
crucial roles in cell-cell communication, acting proximally as
well as systemically.

The application of cell-free therapy confers some advantages
over stem-cell based applications. Usage of soluble factors
bypasses a number of safety concerns potentially linked to the
administration of living cell populations including post-transfer
mal-transformation, embolism, and transmission of infections.
In addition, hAEC secretome may be evaluated for safety, dosage
and potency in an approach similar to that used for traditional
medications (Vizoso et al., 2017). hAEC-conditioned media (CM)
can be also manufactured, packaged, and transported more
easily than hAECs themselves (Kay et al., 2017). Therefore,
stem cell-derived secretomes have a promising prospect to be
used as pharmaceuticals for immune diseases. hAEC CM has
shown beneficial effects in reducing a range of conditions by
modulating immune responses including liver fibrosis, AOD,
inflammatory bowel disease and diabetic wound healing (Hodge
et al., 2014; Kuk et al., 2018; Zheng et al., 2018; Zhang Q. et al.,
2019). In general, to prepare hAEC CM, hAECs are cultured in
chemically defined, serum-free ultraculture medium for 4 days at
37◦C in a humidified chamber containing 5% CO2, after which
conditioned media is harvested and secretome obtained by serial
centrifugation (Alhomrani et al., 2017).

Human amniotic epithelial cells also mediate their effects
by secreting exosomes. Exosomes are nano-sized biovesicles
secreted by various cell types including stem cells under
both normal and pathophysiological conditions. They are
characterized by a diameter of 50–100 nm and a density of 1.09–
1.18 g/mL (Zhang Y. et al., 2019). Exosome cargo is diverse
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TABLE 1 | Completed and active clinical trials utilizing hAECs to treat immune-related diseases*.

Category Registration number Disease Phase Age Country

Neurology ACTRN12618000076279 Ischemic stroke 1 18–85 years Australia

Ophthalmology NCT00344708 Corneal epithelial dystrophy N/A 18–88 years United States

Pneumology ACTRN12614000174684 Bronchopulmonary dysplasia 1 36 weeks Australia

Pneumology ACTRN12618000920291 Bronchopulmonary dysplasia, extremely preterm birth 1 14–18 days Australia

Orthopedics NCT03031509 Non-union fracture 1 18–80 years China

Gynecology NCT03207412 Premature ovarian failure N/A 18–40 years China

Others ACTRN12616000437460 Cirrhosis, liver fibrosis 1 18–70 years Australia

Others ACTRN12618001883202 Crohn’s disease, perianal fistulas N/A 18–80 years Australia

These data were collected from the clinical trial database (ClinicalTrials.gov and anzctr.org.au).

and a pool of exosomes can demonstrate all cellular elements
including protein, nucleic acids and lipids (Spada, 2020). They
represent a novel manner of intercellular communication, which
may play a central role in many cellular processes such as the
immune response, signal transduction and antigen presentation
(Zhang Y. et al., 2019). Exosomes derived from hAECs produce
potent immunomodulatory, anti-fibrotic and pro-regenerative
effects and have been successfully used as a cell-free therapy in
inflammatory conditions (Alhomrani et al., 2017; Tan J.L. et al.,
2018). hAEC-derived exosomes can suppress many immune
cells such as T cells, macrophages, and neutrophils in vitro. In
addition, they have been highly effective in delivering protection
from organ damage in a range of disease models including
pulmonary and liver fibrosis, as well as acute kidney injury
(Alhomrani et al., 2017; Tan J.L. et al., 2018; Ren et al., 2020).
Thus, hAEC-derived soluble factors and exosomes may represent
a potential cell-free therapy in crescentic GN.

Human Amniotic Epithelial Cells in
Clinical Trials
Based on their immunomodulatory properties, the amniotic
membrane and hAECs have been safely used for several years as
a therapy for wounds and ocular injuries (Parmar et al., 2006;
Jirsova and Jones, 2017). hAECs have also entered clinical trials
as a treatment for several conditions including liver fibrosis,
stroke and lung injury in premature babies (Table 1; Lim et al.,
2017, 2018; Phan et al., 2018; Malhotra et al., 2020). So far,
these trials have shown that hAECs are very safe and well-
tolerated in humans.

Human Amniotic Epithelial Cells as a
Potential Therapy for Crescentic
Glomerulonephritis
Overall, the studies described above show that hAECs can
inhibit organ damage in various autoimmune and inflammatory
diseases, without producing major side effects. They exert
their effects by inhibiting various pathogenic immune cells
including neutrophils, macrophages, effector T cells and B
cells, as well as by promoting inhibitory immune subsets
such as Tregs and Th2 cells. All these types of immune
cells are also involved in the pathogenesis of crescentic GN,
thus hAECs may inhibit glomerular injury through similar

mechanisms. A summary of the pathways through which
hAECs could potentially attenuate crescentic GN is given in
Figure 1B.

CONCLUSION

In summary, there is a requirement for alternative, safer
treatments for crescentic GN as the only effective therapies
currently available are broadly immunosuppressive drugs which
cause many serious side effects (mainly infections, cancer and
cardiovascular problems) and patient deaths. hAECs, as well
as hAEC-CM and hAEC-derived exosomes, exert a protective
effect in models of various immune-driven conditions, with
minimal side effects. They mediate their effects through multiple
immunomodulatory and anti-inflammatory mechanisms, and
their safety has been proven in clinical trials. Thus, hAEC-
based therapy offers promise to be a safe, feasible and effective
treatment for crescentic GN. This is due to their (i) ethical
and speedy isolation from the placenta which results in an
abundance of readily available cells, (ii) unique and selective
immunosuppressive capacity, (iii) low immunogenicity, and
(iv) ability to fight microbes and cancer and protect against
cardiovascular conditions. If proven to be effective in pre-
clinical models of crescentic GN, hAECs have the potential to
change clinical practice in this disease and provide immense
advantages to patients by alleviating their risk of death
and complications from unwanted symptoms caused by the
existing treatments.
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