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Abstract
Background CD4+ T cells are involved in the pathogenesis of immunoglobulin A nephropathy (IgAN); T helper (Th) 1, Th17 
and Th22 cells promote the occurrence and amplification of inflammatory reactions, while regulatory T (Treg) cells produce 
the opposite effects. However, whether Th9 cells, a subset of  CD4+ T cells, participate in IgAN development is still unknown.
Methods Human peripheral blood mononuclear cells (PBMCs) were isolated from IgAN patients for Th9 cells detection 
by flow cytometry. Wild-type (WT) mouse was used to establish an IgAN mouse model while C3aR and C5aR inhibitor 
treated IgAN mouse. Kidney disease and function was assessed by histology and albumin-to-creatinine ratio. C3aR and 
C5aR expression was examined by immunohistochemical (IHC) assay. Th9 cell proportions in the blood of IgAN mouse 
was detected. C3a, C5a and interleukin (IL)-9 levels were tested by ELISA. Moreover, co-culture system between human 
mesangial cells (HMCs) and  CD4+ T cells were constructed with or without C3a, C5a and anti-CCL20 mAb stimulation for 
transwell assay to examine Th9 cell chemotaxis.
Results We observed the numbers of Th9 cell and the levels of IL-9 were increased in IgAN patients and IgAN mice. Fur-
thermore, C3a and C5a level in serum and kidney, C3aR and C5aR expression was increased in IgAN mice compared to WT 
mice. Most interestingly, C3aR and C5aR inhibitor could reduce kidney damage, Th9 cell numbers and IL-9 levels. We also 
observed that C3a and C5a enhanced CCL20 production in HMCs. Notably, C3a and C5a also increased the recruitment of 
Th9 cells and IL-9 levels by HMCs through enhancing the CCL20-CCR6 pathway.
Conclusions Our results support that C3a and C5a increase the production of CCL20 by HMCs and consequently augment 
Th9 cell recruitment and IL-9 levels, resulting in IgAN exacerbation.
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Introduction

Immunoglobulin A nephropathy (IgAN), the most common 
primary glomerulonephritis globally, is characterized by 
dominant deposition of immunoglobulin A (IgA) 1 in the 

glomerular mesangium [1]. Although there has been much 
recent progress in understanding the pathogenesis of IgAN, 
it is not certain that all patients with IgAN share a single 
common process leading to mesangial IgA deposition. Accu-
mulating evidence indicates that changes in several T helper 
(Th) cell subsets, such as decreased numbers of regulatory T 
(Treg) cells and increased percentages of Th1, Th17, Th22, 
T follicular helper (Tfh), and γδ T cells, are involved in the 
pathogenesis of IgAN and are correlated with clinical sever-
ity [2, 3].

Interleukin (IL)-9 producing  CD4+ T cells (Th9 cells), 
which are induced to differentiate by transforming growth 
factor (TGF)-β and IL-4 [4], participate in a variety of 
immune responses involved in autoimmunity and allergic 
inflammation [5]. Previous studies have demonstrated that 
serum IL-9 levels are increased in active systemic lupus 
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erythematosus and closely associated with the produc-
tion of antibodies against double-stranded DNA [6, 7]. 
In addition, IL-9 can induce an inflammatory response by 
recruiting lymphocytes to the kidneys in a mouse model of 
hepatic and renal fibrosis induced by carbon tetrachloride 
treatment [8]. However, whether Th9 cells play a role in 
IgAN pathogenesis has not been investigated.

In addition to IgA1 deposition, IgAN is characterized 
by glomerular deposits of C3, which indicates the involve-
ment of complement activation in this disease [9]. Liu 
et al. found that renal C3a, C3aR, C5a and C5aR expres-
sion was significantly related to the activity and sever-
ity of renal injury in IgAN [10]. Additionally, a study 
reported that local renal C3 could result in IL-17A-me-
diated inflammatory cell infiltration into the kidneys and 
further drive fibrogenic responses in a unilateral ureteral 
obstruction mouse model [11]. Our previous study sug-
gested that a C5aR inhibitor could reverse both kidney 
damage and Th1, Th17 and Treg cell dysfunction in IgAN 
mice infected with respiratory syncytial virus (RSV) [2]. 
Overall, complement activation orchestrates  CD4+ T cell 
responses in IgAN. However, the roles of C3a–C3aR and 
C5a–C5aR in Th9 cell infiltration and recruitment in IgAN 
development are relatively unclear.

Ye et al. proposed that the recruitment of Th9 cells into 
a malignant pleural effusion was induced by the CCL20-
CCR6 pathway, as high CCR6 expression was observed on 
the Th9 cell surface [12, 13]. Interestingly, CCL20 has been 
shown to be obviously highly expressed in both the serum 
of IgAN patients and IgA1-treated human mesangial cells 
(HMCs) [14]. According to our previous research, CCL20 
generated by HMCs is high in IgAN mice and participates 
in the processes of recruiting Th17 and Th22 cells [15, 16]. 
Notably, C3aR-deficient mice show reduced levels of CCL2, 
CCL5 and other chemokines associated with inflammatory 
cell recruitment in muscle injury and regeneration [17]; in 
other words, C3a is important in chemokine production. 
Therefore, it is reasonable to speculate that C3a and C5a 
may regulate the effect of HMC-generated CCL20 and thus 
impact Th9 cell recruitment.

Recently, renal function and proteinuria in two rapidly 
progressing IgAN patients were improved by an anti-C5 
antibody [18, 19]. The oral C5aR1 antagonist CCX168 has 
been shown to be a promising component of induction ther-
apy for ANCA-associated nephritis [20]. These results indi-
cate the possibility of targeting C3a–C3aR and C5a–C5aR 
to treat IgAN. Although the C5a-C5aR1 axis can regulate 
Th1, Th17 and Treg cells in IgAN mice [2], the relation-
ship between C3a–C3aR/C5a–C5aR and Th9 cells is still 
unknown. Furthermore, how C3a and C5a affect Th9 cell 
recruitment has not been described. In view of the above 
considerations, this study was designed to clarify the pos-
sible effects of C3a and C5a on CCL20 generated by HMCs 

during the process of Th9 cell recruitment to the local kid-
ney area in IgAN.

Materials and methods

Patients

All selected factors were the demographic, clinical, and 
biochemical characteristics and pathology of patients with 
IgAN. Patients were eliminated if they had an acute infection 
or other complications or were treated with glucocorticoid 
or immunosuppressive treatments. Healthy controls were 
obtained from healthy volunteer donors in Xiangya Hospital.

Mice and animal model

Seven- to eight-week-old female BALB/c mice were pur-
chased from the Experimental Animal Center of Central 
South University (Changsha, Hunan, China). All mice were 
fed and housed under desired temperature and humidity con-
ditions in a specific pathogen-free environment. All studies 
were completed in accordance with Institutional Animal 
Care Guidelines.

Twenty-four BALB/C mice were randomly divided into 
four groups (n = 6 per group): a control group (Control), an 
IgAN group (IgAN), a C3aR antagonist-treated IgAN group 
(C3aRA-IgAN), and a C5aR antagonist-treated IgAN group 
(C5aRA-IgAN). The IgAN mouse model was established 
as previously described [2, 15, 21]. BSA (Roche) diluted in 
acidified water (800 mg/kg body weight) was administered 
every other day via intragastric gavage. A subcutaneous 
injection of 0.1 ml carbon tetrachloride in castor oil (mixed 
at a ratio of 1–5) was administered once a week, combined 
with intraperitoneal (i.p.) injection biweekly, and LPS 
(50 µg, Sigma) was intravenously injected twice in weeks 
six and eight. In the C3aRA-IgAN group, the mice were 
treated with a C3aR antagonist (SB 290157, Santa Cruz) 
by i.p. injection. In the C5aRA-IgAN group, the mice were 
treated with a C5aR antagonist (W54011, Abcam) by caudal 
vein injection. The control mice received an equal amount of 
PBS. All mice were sacrificed at 9 weeks, and samples were 
collected. Before sample collection, all mice were housed 
in metabolic cages for 24 h to collect urine samples. The 
urine samples were evaluated to measure the albumin-to-
creatinine ratio (ACR).

Histological analyses

Upper left kidney tissue samples were embedded in paraffin 
and then cut into 2-μm-thick sections. The sections were 
processed by periodic acid-Schiff (PAS) staining and then 
examined by light microscopy.
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Additionally, mouse renal tissue samples were fixed 
with 2.5% glutaraldehyde in 0.1 M cacodylate buffer and 
embedded in Epon-Araldite. The specimens were then cut 
into ultrathin Sects. (70 nm) and stained with uranyl acetate 
and lead citrate. The sections were observed by transmission 
electron microscopy.

Paraffin-embedded sections were subjected to immu-
nohistochemistry (IHC; for C3aR and C5aR) and immu-
nofluorescence (IF; for IgA). The sections were mounted, 
dewaxed, and rehydrated in an alcohol gradient and PBS. 
Antigen retrieval was performed with a citrate buffer (pH 
6.0). Endogenous peroxidase activity was blocked with 3% 
 H2O2 for 20 min. After blocking nonspecific binding with a 
diluted normal goat serum working fluid for 60 min, the sec-
tions were incubated for 16–20 h at 4 °C with an anti-C3aR 
antibody (NBP2-15649, Novus) or an anti-C5aR antibody 
(ab117579, Abcam). After an overnight incubation with the 
primary antibody, the corresponding secondary antibody 
was used with an SP goat IgG kit (ZSGB-Bio), chromogenic 
reactions were performed with a DAB liquid (ZSGB-Bio), 
and the sections were counterstained with Mayer’s hema-
toxylin (ZSGB-Bio). For IF, the dewaxing, rehydration and 
antigen retrieval protocol was performed as described for 
IHC. Sections were incubated with an anti-mouse IgA anti-
body (ab97234, Abcam) overnight at 4 °C. Normal rabbit, 
goat and rat IgG antibodies were used as isotype controls.

The integrated densities and areas of C3aR and C5aR 
were evaluated using the ImageJ program according to the 
software instructions, and the mean density was calculated 
by determining the ratio of the integrated density to the area. 
The calculated mean density for each group was used for 
statistical analysis.

Cell culture

CD4+ T cells were isolated from peripheral blood mononu-
clear cells (PBMCs) collected from IgAN patients by human 
CD4 microbeads (130-045-101) purchased from Miltenyi 
Biotec. HMCs were purchased from ScienCell™ Research 
Laboratories and cultured in mesangial cell medium (4201, 
ScienCell™ Research Laboratories) in an incubator at 37℃ 
in 5%  CO2. The HMCs were stimulated with IgA (Sigma), 
recombinant human C3a (A118, CompTech), recombinant 
human C5a (pro-2300-b, ProSpec-Tany) or an anti-CCL20 
monoclonal antibody (mAb; AF360, R&D), and the super-
natants were collected for CCL20 detection and transwell 
experiments.

CD4+ T cell chemotaxis assays

Polycarbonate filters (8-µm pore) in 24-well Transwell 
chambers (Corning Costar) were used to perform a migra-
tion assay.  CD4+ T cells purified from the PBMCs of IgAN 

patients (2 × 105) were added into the top chamber and 
resuspended in RPMI 1640 medium at a final volume of 
100 μl. Supernatants acquired from HMCs treated with IgA, 
C3a, C5a or an anti-CCL20 mAb were placed in the bottom 
chamber in a volume of 600 μl, and the chambers were incu-
bated at 37 °C in 5%  CO2 for 12 h. After the incubation, the 
nonmigratory cells in the upper chamber were scraped off, 
and the membrane was washed gently in PBS. The migra-
tory cells on the bottom surface of the transwell membrane 
were collected for Th9 cell and CCR6 detection by flow 
cytometry.

Flow cytometry

Blood samples from the mice in different groups (100 μl) 
were collected before sample harvest, and then a red blood 
cell lysis buffer (C3702, Beyotime Biotechnology) was used 
to remove the red blood cells. The washed cells were used 
for flow cytometry analysis.

For Th9 cell detection, isolated cells (PBMCs from IgAN 
patients, cells in blood samples from mice and  CD4+ T cells 
from transwell experiments) were suspended in RPMI 1640 
medium with 10% fetal calf serum (FCS) and activated 
by a leukocyte activation cocktail (BD Bioscience). After 
stimulation, the cells were incubated with anti-CD16/32 
antibodies (BioLegend) to block nonspecific staining. For 
the blood samples from mice, the cells were incubated with 
anti-mouse CD3 (APC, eBioscience) and anti-mouse CD4 
(FITC, eBioscience) antibodies for 30 min in the dark at 
4 °C and then permeabilized with Cytofix/Cytoperm (eBio-
science) at 4 °C for 30 min. Intracellular staining was per-
formed with an anti-IL-9 antibody (PE, BD Biosciences). 
For the PBMCs from IgAN patients and  CD4+ T cells from 
transwell experiments, the cells were incubated with anti-
human CD3 (BV510, BD Biosciences), anti-human CD4 
(BB515, BD Biosciences) and anti-human IL-9 (BV421, 
BD Biosciences) antibodies as described above. Finally, the 
cells were analyzed with a Becton Dickinson FACSCalibur 
instrument using Cell Quest software.

Enzyme‑linked immunosorbent assay

Serum and kidney IL-9 (eBioscience), C3a, C5a (RayBio-
tech) and CCL20 (Lianke Biotech) levels were tested by 
enzyme-linked immunosorbent assay (ELISA) according to 
the manufacturer’s protocols.

RNA preparation and real‑time PCR

Total RNA was isolated using Trizol (Takara, Japan). 
After quantification of RNA concentrations with a Nan-
odrop instrument (Thermo Scientific, Germany), the 
RNA samples underwent reverse transcription at equal 
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concentrations using a Takara First Strand cDNA Synthe-
sis kit (Takara, Japan) and were then subjected to real-time 
PCR analysis using Power SYBR Green (Applied Biosys-
tems, ABI 7100, Germany). CCL20 expression in HMCs 
was assessed by real-time PCR. The forward and reverse 
primers for CCL20 were as follows: 5′‐TGC TGT ACC 
AAG AGT TTG CTC‐3′ and 5′‐CGC ACA CAG ACA 
ACT TTT TCT TT-3′.

Statistical analysis

Data are shown as the mean ± SEM. Multigroup compari-
sons were performed with one-way analysis of variance 
(ANOVA), and two-group comparisons were assessed by 
the least significant difference (LSD) t test (Prism soft-
ware, GraphPad). Significance was set as p < 0.05.

Results

Result 1: increased Th9 cell proportions and IL‑9 
levels in IgAN patients and mice

To determine whether Th9 cells participate in the immune-
mediated pathogenesis of IgAN, we detected Th9 cells and 
IL-9 levels in IgAN patients and IgAN mice. Compared to 
healthy controls, the IgAN patients showed obvious eleva-
tions in Th9 cell and serum IL-9 levels (Fig. 1a, c, and d). To 
further explore the possible pathogenic mechanism involv-
ing Th9 cells in IgAN in vivo, an IgAN mouse model was 
established as described in our previous research. Tenden-
cies toward rising Th9 cells (Fig. 1b, e) and serum and kid-
ney IL-9 levels (Fig. 1f, g) were observed in the IgAN mice 
compared to control mice. Most importantly, kidney IL-9 
expression was observed in the IgAN mice, and these IL-9 

Fig. 1  Increased Th9 cell proportions and IL-9 levels in IgAN 
patients and mice. a Representative plots of Th9 cells in PBMCs 
populations from IgAN patients evaluated by flow cytometry. b Rep-
resentative plots of Th9 cells in the blood of an IgAN model mouse 
assessed by flow cytometry. c The numbers of Th9 cell in healthy 

control and IgAN patients  (Ncontrol = 15,  NIgAN = 30). d The serum 
IL-9 levels of IgAN patients assessed by ELISA. (E) The proportions 
of Th9 cells in IgAN mice and control mice. f, g Serum (f) and kid-
ney (g) IL-9 levels in control and IgAN mice
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levels were even higher than the serum IL-9 levels, which 
suggested that the increased Th9 cell accumulation in the 
kidneys might be due to recruitment from the peripheral 
blood.

Result 2: C3a–C3aR and C5a–C5aR axes were 
activated in IgAN mice

To explore the roles of C3a–C3aR and C5a–C5aR in 
IgAN mice, we examined the expression of C3a and C5a 
in the serum and kidneys by ELISA and that of C3aR and 
C5aR in the kidneys by IHC. Consistent with the study of 
IgAN patients by Liu [10], this study also found signifi-
cant increases in the C3a and C5a levels in the serum and 
kidneys and obvious expression of C3aR and C5aR in kid-
ney tissues in IgAN mice. Similarly, positive staining for 
C3aR and C5aR was detected mainly in the mesangial area, 
Bowman’s capsule cells and tubular epithelial cells in IgAN 

mouse kidney tissues (Fig. 2). In contrast, the expression of 
C3a and C5a and the intensity of C3aR and C5aR staining 
were reduced by C3aRA or C5aRA treatment in IgAN mice 
(Fig. 2).

Result 3: kidney damage and Th9 cell and IL‑9 levels 
could be reduced by C3aRA or C5aRA

To further explore the potential effects of C3aRA and 
C5aRA on kidney damage, we observed morphological 
changes in kidney tissue samples from IgAN mice. As 
shown in Fig. 3a–c, there was minor mesangial prolifera-
tion detected by PAS staining, IgA deposition detected by 
IF staining, and electron-dense deposits observed by trans-
mission electron microscopy in the glomerular mesangial 
region and focal segmental foot process effacement in 
IgAN mice, and C3aRA or C5aRA treatment could ame-
liorate the aforementioned kidney damage. There was no 

Fig. 2  C3a–C3aR and C5a–C5aR axes were activated in IgAN mice. 
a, c Representative images of C3aR expression (a) and C5aR expres-
sion (c) in kidney tissue samples evaluated by immunohistochemistry 
(400 ×). b, d The mean densities of C3aR expression (b) and C5aR 
expression (d) in kidney tissue samples evaluated by ImageJ software. 

e–h Serum C3a (e), kidney C3a (f), serum C5a (g) and kidney C5a 
(h) levels in different groups evaluated by ELISA. The results are 
shown as the mean ± SEM of repeated experiments performed in trip-
licate; n = 5 per group, t test
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mesangial proliferation, IgA deposition or electron-dense 
deposits in control mice. In addition to kidney damage 
assessed by histological analysis, the ACR was evaluated 
in mouse urine samples to detect changes. As shown in 
Fig. 3e, the ACR changes exhibited a tendency similar to 
that of the kidney damage changes. Combining the influ-
ences of C3aRA and C5aRA on kidney damage and the 
ACR, it was clear that C3aRA and C5aRA could rescue 
kidney dysfunction during IgAN development.

The above findings indicated that C3aRA and C5aRA 
could repair kidney dysfunction, but the detailed mech-
anism was not clear. To clarify whether the protection 
mediated by C3aRA and C5aRA was attributable to the 
effects of C3a and C5a on Th9 cells in IgAN mice, we 
detected Th9 cell percentages in the blood by flow cytom-
etry and IL-9 levels in the serum and kidney tissue sam-
ples by ELISA for each group. As shown in Fig. 3f–h, the 
Th9 cell percentages and IL-9 levels were reduced in the 

Fig. 3  Kidney damage and Th9 cell and IL-9 levels could be reduced 
by C3aRA or C5aRA. a Representative images of pathological 
changes in PAS-stained kidney tissue samples from different mice 
(400×). b IgA deposition in a local kidney area detected by immuno-
fluorescence staining (200 ×). c Ultrathin kidney sections stained with 
uranyl acetate and lead citrate and then examined by transmission 
electron microscopy. N = 6 per group. d Representative plots of Th9 

cells in C3aRA- and C5aRA-treated IgAN mice. e 24-h urine samples 
collected before sample harvest to assess the ACR. f, g Serum (f) and 
kidney IL-9 (g) levels in different groups assessed by ELISA. h Th9 
cell proportions in the blood of IgAN-, C3aRA- and C5aRA-treated 
IgAN mice. The results are shown as the mean ± sem of repeated 
experiments performed in triplicate; n = 6 per group, t test
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C3aRA- and C5aRA-treated IgAN mice compared to the 
IgAN mice. Collectively, our results might demonstrate 
that C3aRA and C5aRA alleviate pathological changes in 
the kidneys by decreasing Th9 immune responses.

Result 4: C3a and C5a enhanced the recruitment 
of Th9 cells via CCL20 produced by HMCs

Our group previously reported that CCL20 was expressed 

Fig. 4  C3a and C5a enhanced the recruitment of Th9 cells via CCL20 
produced by HMCs. a, b CCL20 mRNA expression (a) and protein 
expression (b) in HMCs treated with IgA, C3a and C5a. c–f  CD4+ 
T cells were seeded in the upper chamber of a Transwell system, and 
supernatants from HMCs cultured with or without IgA, C3a, C5a 
and an anti-CCL20 antibody were placed in the bottom chamber of 
the Transwell system. After 12 h, the cells on the bottom surface of 
the membrane were collected, and Th9 cell proportions and CCR6 

expression on the Th9 cell surface were detected by flow cytometry. 
(C) Representative plots of Th9 cells and CCR6 expression in dif-
ferent groups. Th9 cell proportions (d) and CCR6 expression (e) in 
different groups after transwell experiments. f IL-9 levels in superna-
tants collected from the bottom chamber and tested by ELISA. Data 
are shown as the mean ± sem of repeated experiments performed in 
triplicate; n = 3 per group, t test
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relatively strongly in the glomerular mesangium area and 
renal tubules in kidney tissue samples from IgAN patients 
[22]. To further assess the effects of C3a and C5a on CCL20, 
we used IgA with or without recombinant human C3a and 
C5a proteins to stimulate HMCs. As expected, we found 
that CCL20 expression was significantly elevated in the 
IgA-treated HMCs compared to control HMCs and further 
increased by C3a and C5a stimulation (Fig. 4a, b).

The chemokine CCL20, as the unique ligand of CCR6, 
can recruit Th9 cells to lesion areas [13]. Our in vivo results 
demonstrated that C3aRA and C5aRA could lead to a 
decrease in Th9 cell levels in IgAN mice. In view of the 
findings mentioned above, we speculated that C3a and C5a 
can mediate the recruitment of Th9 cells via the CCL20-
CCR6 pathway. To test this hypothesis, we performed an 
in vitro transwell assay to examine Th9 cell chemotaxis. 
A coculture system utilizing HMCs and  CD4+ T cells was 
constructed in the absence or presence of C3a, C5a and anti-
CCL20 mAb. We found that the supernatants of the HMCs 
treated with C3a and C5a exhibited potent chemoattraction 
of circulating Th9 cells, whereas that of the HMCs treated 
with the anti-CCL20 mAb significantly suppressed Th9 cell 
chemotaxis (Fig. 4d). Notably, we also found that C3a and 
C5a not only enhanced chemotaxis but also increased IL-9 
expression levels, while the anti-CCL20 mAb exhibited the 
opposite tendency (Fig. 4f). Additionally, CCR6 expression 
on Th9 cells was increased by C3a and C5a stimulation but 
decreased by anti-CCL20 mAb treatment (Fig. 4e). Taken 
together, our results indicated that C3a and C5a produced a 
powerful enhancing effect on Th9 cell recruitment by pro-
moting CCL20 production in HMCs.

Discussion

T cell infiltration is closely related to IgAN progression, 
which may suggest that T cells participate in renal injury in 
IgAN [23, 24].  CD4+ T cells play varied and multifaceted 
roles in IgAN development [3]. Our previous study indi-
cated that the proportions of Th1, Th17 and Th22 cells in 
the kidneys and blood were all remarkably augmented, while 
the Treg cell proportions were reduced in IgAN mice [2, 
15, 22]. However, whether Th9 cells are involved in IgAN 
pathogenesis is still unknown.

Th9 cells are characterized by production of IL-9, a 
pleiotropic cytokine with diverse effects [25]. Indeed, 
Th9 cells provide both beneficial and deleterious effects, 
which depend on the model and context of their induc-
tion. Th9 cells have been observed to produce strong 
anticancer immunity and induce allergic inflammation 
[25, 26]. To date, Th9 cells and IL-9 overexpression have 
been closely associated with the pathogenesis of systemic 
lupus erythematosus, lupus nephritis, granulomatosis with 

polyangiitis, experimental atherosclerosis and systemic 
sclerosis [27–30]. Thus, the development of strategies to 
therapeutically modulate Th9 cells is a crucial and clini-
cally relevant issue.

Although Th9 cells are well explored in other immune-
associated diseases of the kidneys, this research is the first 
study to focus on the numbers of Th9 cells and levels of IL-9 
in IgAN patients and an IgAN mouse model. Th9 cell per-
centages were increased in the PBMCs of IgAN patients and 
IgAN mice compared with healthy control people and con-
trol mice, respectively, and IL-9 levels were also increased 
in the IgAN patients and mice; it was further found that 
the increased Th9 cell percentages and IL-9 levels were 
closely correlated with kidney damage in IgAN develop-
ment. Therefore, reducing Th9 cell numbers has become a 
worthy and beneficial goal for clinical treatment.

Consistent with previous studies of patients with IgAN 
[10], our study found significant elevations in serum and 
kidney C3a and C5a levels and obvious increases in C3aR 
and C5aR expression levels in kidney tissue samples from 
IgAN mice, which suggested that C3a–C3aR and C5a–C5aR 
were activated during IgAN development. Both C3aR and 
C5aR1 deficiencies obviously inhibit the expression of 
TGF-β in IgAN mice [31], which suggests that C3a and C5a 
play important roles in promoting the differentiation of Th9 
cells from  CD4+ T cells. Additionally, our previous studies 
demonstrated that there were decreased percentages of Th1 
and Th17 cells and an increased proportion of Treg cells 
in IgAN mice treated with a C5aR inhibitor compared to 
control mice [2]. Therefore, we speculated that the regula-
tion of Th9 cells might be mediated by the C3a–C3aR and 
C5a–C5aR axes. To test this possibility, we detected Th9 
cell percentages and IL-9 levels in IgAN mice treated with 
C3aRA or C5aRA. Our results showed that the Th9 cell pro-
portions and serum and kidney IL-9 levels were decreased 
when C3aRA or C5aRA was used to treat the IgAN mice, 
which indicated that C3a–C3aR and C5a–C5aR might be 
closely related to the accumulation of Th9 cells in IgAN.

However, how C3a and C5a mediate the process of 
recruiting Th9 cells into glomeruli in IgAN remains largely 
unknown. Our previous study demonstrated that Th22 cells 
could be recruited into the kidneys via the CCL20-CCR6 
axis [22, 32]. Lu et al. reported that HMCs treated with 
IgA produced CCL20 and consequently increased local-
ized inflammatory Th17 cell recruitment to the kidneys to 
promote further lesion development in IgAN [14]. Addi-
tionally, research has shown that the recruitment of Th9 
cells into a malignant pleural effusion can be induced by 
the CCL20 pathway [13]. Therefore, it is reasonable to 
speculate that independent of the recruitment of other 
subpopulations of  CD4+ T cells, Th9 cell recruitment is 
related to the CCL20 pathway activated by HMCs during 
IgAN development. In addition, further investigation into 
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the potential roles of the complement molecules C3a and 
C5a in CCL20-CCR6-induced chemotaxis is worthwhile.

To address these issues, we used IgA and recombi-
nant C3a and C5a proteins to stimulate HMCs. Accord-
ing to our results, C3a or C5a stimulation could lead to 
increased expression of CCL20 in HMCs. Given our 
previous results, which indicated that CCL20 was highly 
expressed in the mesangial area of the kidneys in IgAN 
patients [22], we concluded that CCL20 produced by 
HMCs might participate in the accumulation of Th9 cells 
in IgAN and that this regulated process might be medi-
ated by C3a and C5a. Combining the data indicating that 
C3aRA and C5aRA can reduce Th9 cell proportions in an 
in vitro model and that C3a and C5a stimulation enhance 
CCL20 production by HMCs, it is reasonable to speculate 
that C3a and C5a affect Th9 cell recruitment through the 
CCL20-CCR6 pathway.

To elucidate the mechanism underlying Th9 cell accu-
mulation in glomeruli in IgAN, we performed an in vitro 
migration assay using  CD4+ T cells isolated from the 
PBMCs of IgAN patients and supernatants from HMCs 
cultured in the presence or absence of C3a, C5a and an 
anti-CCL20 antibody. The results showed that the super-
natants of the C3a- or C5a-treated HMCs could induce 
Th9 cell migration, but the anti-CCL20 mAb significantly 
inhibited the ability of the supernatants to stimulate Th9 
cell chemotaxis. Moreover, CCR6 expression in Th9 cells 
detected by flow cytometry also exhibited a tendency 
similar to that of Th9 cell chemotaxis. Therefore, HMC-
produced CCL20 might be able to chemoattract Th9 cells 
into glomeruli in IgAN, and C3a and C5a could facilitate 
the CCL20-CCR6 pathway.

In summary, this work builds on previous studies and 
expands the roles of C3a–C3aR and C5a–C5aR in IgAN 
beyond the role involved in regulating Th9 cell recruitment. 
Our data showed that the numbers of Th9 cells and levels of 
IL-9 were significantly increased in the IgAN group com-
pared to the control group and that the overrepresentation of 
Th9 cells in glomeruli might be attributed to enhanced local 
proinflammatory cytokine release and CCL20 generation by 
HMCs. Furthermore, C3a and C5a are likely to increase the 
production of CCL20 by HMCs and thus augment Th9 cell 
recruitment and IL-9 levels, resulting in IgAN exacerba-
tion, which indicates that C3a and C5a activation may be 
responsible for the immunopathology that occurs in IgAN.
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