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Abstract
Background. T follicular helper (Tfh) cells drive humoral immunity by facilitating B cell responses, but 
the functional role of Tfh cells in the pathogenesis of idiopathic membranous nephropathy (IMN) remains 
unclear.

Objectives. This study aimed to establish a rat experimental membranous nephropathy model, investigate 
the phenotypic characteristics of Tfh cells, and analyze a clinically significant correlation between Tfh cells.

Materials and methods. Passive Heymann nephritis (PHN) rats were induced by immunizing Sprague 
Dawley rats with anti-Fx1A serum. The frequency of Tfh and B cell subsets was analyzed with flow cytometry 
(FC). The serum concentration of interleukin-21 (IL-21), the relative mRNA expression levels of IL-21 and B cell 
lymphoma 6 (Bcl-6) in spleen mononuclear cells (MNCs), and the kidney infiltration of CD4+ T cells and IL-21 
were assessed. The potential correlations among these measures were analyzed.

Results. In comparison with the control group, significantly increased percentages of Tfh cells, inducible T cell 
co-stimulator-positive (ICOS+) Tfh cells, and mRNA expression of Bcl-6 were detected in the spleen of PHN rats. 
Elevated IL-21 expression was detected in the serum and kidneys. Remarkably, the percentage of splenic ICOS+ 
Tfh cells was positively correlated with 24 h urine protein concentrations (r = 0.676, p = 0.011) in PHN rats.

Conclusions. These data indicate that ICOS+ Tfh cells contribute to development of IMN, and they might 
be potential therapeutic targets for IMN.
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Background

Idiopathic membranous nephropathy (IMN) is a major 
pathological type of adult nephrotic syndrome.1,2 Idiopathic 
membranous nephropathy is now recognized as an auto-
immune disease with the identification of the podocyte 
antigens, which includes thrombospondin type-1 domain-
containing 7A (THSD7A) and the M-type receptor for phos-
pholipase A2 (PLA2R).3 Due to impaired immune tolerance, 
B cells produce nephritogenic autoantibodies, which bind 
podocytes to form immune deposits, leading to comple-
ment activation and damage to the glomerular basement 
membrane (GBM), creating a risk of renal failure.4 In pa-
tients with IMN, an increased proportion of circulating 
plasma cells and oligoclonal expansion of B cells in the renal 
tissue have been observed.5,6 These findings, together with 
the clinical efficacy of B-cell-depleting therapies (ritux-
imab), have highlighted the pathogenic role of B lympho-
cytes in IMN.7 Despite these findings, the immunological 
pathogenesis of IMN has not been fully elucidated.

The germinal center (GC) response is crucial for B cell 
maturation and the establishment of efficacious protec-
tive humoral immunity.8 T follicular helper (Tfh) cells 
are a distinct subgroup of T cells, which play an essential 
role in promoting GC reactions and supporting the dif-
ferentiation of B cells and antibody production.9,10 They 
are characterized by their expression of C-X-C chemokine 
receptor type 5 (CXCR5), programmed cell death protein 
1 (PD-1), inducible T cell co-stimulator (ICOS), and B cell 
lymphoma 6 (Bcl-6). The ICOS and PD-1 are closely as-
sociated with the maintenance and function of Tfh cells.11 
B cell lymphoma 6 is considered the dominant lineage-
defining transcription factor for Tfh cells.12 Additionally, 
Tfh cells can secrete interleukin (IL)-21, which is a crucial 
cytokine in the regulation of B cell differentiation, matura-
tion and class switch recombination. Moreover, in addition 
to lymphoid follicles, resident Tfh cells and circulating 
Tfh (cTfh) cells have been found in the peripheral blood 
(PB), and were shown to share functional properties with 
GC Tfh cells.13

Recently, aberrant expression of Tfh cells has been shown 
to contribute to autoimmune disease development, including 
multiple sclerosis (MS), systemic lupus erythematosus (SLE) 
and rheumatoid arthritis (RA).14–16 A defective Tfh check-
point profoundly impacts immune responses and promotes 
pathogenic autoantibody production. Despite the enrichment 
of Tfh cells reported in the circulation of IMN patients,17,18 
the collaboration between Tfh cells and B cell subsets during 
the pathogenesis of IMN remains largely unknown.

Objectives

To gain insights into the phenotypic and functional 
characteristics of Tfh cells in the pathogenesis of IMN, 
this study employed the rat model of passive Heymann 

nephritis (PHN).19 The frequencies of Tfh cells and B cell 
subpopulations were dynamically monitored during PHN 
induction. Additionally, the correlation between the fre-
quency of Tfh cells with 24 h urine protein was analyzed.

Materials and methods

Induction of passive Heymann nephritis

Male Sprague Dawley rats were obtained from the Medi-
cal Experimental Animal Center of Guangdong Province 
(Guangzhou, China). The animals were housed in poly-
propylene cages under pathogen-free conditions with 
a 12 h light/dark cycle and free access to standard laboratory 
chow and sterile water. Animal experiments were approved 
by the institutional animal use committee of Guangdong 
Provincial Hospital of Chinese Medicine (Guangzhou, 
China; approval No. 2021081). Induction of the PHN rat 
model was performed as previously described.20 After ac-
climatization for 3 days, animals were randomly divided 
into 2 groups: the PHN group and the control group. Passive 
Heymann nephritis rats were injected with sheep-derived 
anti-Fx1A antiserum (Probetex, Inc., San Antonio, USA) 
in the tail vein at a dose of 0.5 mL/100 g. Rats in the control 
group were given an equivalent volume of saline. The on-
set of nephritis in the rats was monitored by assessment 
of 24 h urine protein. Animals were divided into 5 groups 
according to the number of days after immunization, with 
5 rats in each group. All animals were euthanized on day 0, 
2, 6, 13, or 20, and urine, peripheral blood, kidney, and 
spleen specimens were collected.

Isolation of mononuclear cells from 
the spleen and peripheral blood

Following euthanasia, blood samples and spleens were 
harvested from PHN rats and control rats. Blood samples 
anticoagulated with ethylene diamine tetraacetic acid 
(EDTA-K2) were collected to separate peripheral blood 
mononuclear cells (PBMCs). The dissected spleens were 
homogenized with the tip of a syringe plunger. The ho-
mogenates were passed through a 70-μm nylon mesh filter 
(BD Biosciences, Franklin Lakes, USA), and single-cell 
suspensions were obtained. Mononuclear cells from pe-
ripheral blood or spleen were separated using peripheral 
blood mononuclear cell isolation kits or spleen lymphocyte 
isolation kits (both from TBD Science, Tianjin, China) for 
rats, respectively. The isolated mononuclear cells were used 
for reverse transcription quantitative polymerase chain 
reaction (RT-qPCR) or flow cytometry (FC) analysis.

Transmission electron microscopy

Rat renal tissues were fixed with 2.5% glutaraldehyde 
in 0.1 M sodium cacodylate buffer at 4°C for 2 h. After 
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washing with the same buffer, renal specimens were post-
fixed with 1% osmium tetroxide at 4°C for 2 h, dehydrated 
through immersion in ascending grades of ethanol, and 
embedded in Epon 812. Ultrathin sections were stained 
with uranyl acetate and lead citrate and then examined 
using transmission electron microscopy (TEM; JEM1400 
PLUS; Joel Ltd., Akishima, Tokyo, Japan). The thickness 
of glomerular basement membrane (GBM) in each ul-
trathin slice was detected using RADIUS software v. 2.0 
(EMSIS, Boston, USA).

Flow cytometry

For Tfh cell detection, mononuclear cells were incubated 
with anti-rat-CXCR5 (Abcam, Cambridge, UK; ab254415) 
at 4°C for 30 min, followed by staining with goat anti-rabbit 
IgG-Alexa Fluor 488 (Abcam; ab150077), anti-rat-CD4-
BV421 (BD Biosciences; 743088), and anti-rat-ICOS-PE 
(eBioscience, Thermo Fisher Scientific, Waltham, USA; 
12994981) for 30 min at 4°C. For B cell subset phenotyp-
ing, the cells were first stimulated with Leukocyte Activa-
tion Cocktail (BD Bioscience) for 6 h, then stained with 
anti-rat-CD45R-PE-Cyanine7 (Invitrogen, Waltham, USA; 
25046082), anti-rat-CD3-APC (Invitrogen; 17003082) and 
anti-rat-CD27-PE (Invitrogen; 12027182). After cell surface 
staining, the cells were fixed, permeabilized and stained 
with anti-rat-IgG-BV605 (BioLegend, San Diego, USA; 
405430). Cells were analyzed with the Agilent NovoCyte 
flow cytometer, and the data were analyzed with Agilent 
software v. 1.5.6 (Agilent Technologies, Palo Alto, USA).

ELISA

Serum concentrations of IL-21 were measured using a rat 
enzyme-linked immunosorbent assay (ELISA) kit (Cloud-
clone SEB688Ra; Cloud-CloneCorp, Wuhan, China) fol-
lowing the manufacturer’s instructions.

Urine analysis

The concentration of urine creatinine and 24 h urine 
protein was analyzed using Cobas 8000 analyzer (Roche 
Diagnostics, Mannheim, Germany).

Immunohistochemistry

For immunohistochemical staining, 3 micrometers of se-
rially sliced kidney tissue were used. Paraffin-embedded 
sections were first deparaffinized and then hydrated. After 
antigen retrieval, the activity of endogenous peroxidase 
and non-specific binding sites were blocked. Incubation 
with mouse anti-CD4 (Immunoway, Plano, USA) or rab-
bit anti-IL-21 (Affbiotech, Changzhou, China) overnight 
at 4°C was then performed. Next, sections were incubated 
with an horseradish peroxidase (HRP)-labeled secondary 
antibody (Maxin, Fuzhou, China). Finally, the sections 

were developed in diaminobenzidine solution and coun-
terstained with hematoxylin. Immunostained slides were 
observed under a fluorescence microscope (BX61; Olym-
pus Corp., Tokyo, Japan). The CD4- and IL-21-positive 
regions were quantitatively detected using ImageJ software 
(National Institutes of Health, Bethesda, USA), and these 
values were described as average optical density (AOD).

Reverse transcription-quantitative PCR

Total RNA from rat spleen mononuclear cells was puri-
fied with the Trizol reagent (Invitrogen). After treatment 
with DNase I, mRNAs were reverse transcribed using 
Evo M-MLV RT Mix Kit (Accurate Biology, Changhsha, 
China). The PCR was performed with a SYBR Green PCR 
Kit (Accurate Biology) on the ViiA7 detection system (Ap-
plied Biosystems, Darmstadt, Germany). The sequences 
of the primers were:
β-actin forward: 5’-GACATGCCGCCTGGAGAAAC-3’;
β-actin reverse: 5’-AGCCCAGGATGCCCTTTAGT-3’;
IL-21 forward: 
5’-GCCAAACTCAAGCCATCAAACACTG-3’;
IL-21 reverse: 5’-CTTAGCAGGCAGCCTCCTCCTC-3’;
Bcl-6 forward: 5’-TCGAGGTCGTGAGGTTGTGGAG-3’;
Bcl-6 reverse: 5’-TCGGATAAGAGGCTGGTGGTGTC-3’.

Gene expression was normalized against β-actin, and 
the relative expression levels were calculated with the 2–ΔΔCt 
method.

Statistical analyses

All statistical analyses were performed with the IBM SPSS 
v. 20.0 software (IBM Corp., Armonk, USA) and GraphPad 
Prism v. 9.0 software (GraphPad Software Inc., San Diego, 
USA). Data were collected from independent samples to ex-
amine the differences between PHN rats. All variables were 
performed using nonparametric tests: the Mann–Whitney 
U test was used for comparison between the 2 groups, and 
the Kruskal–Wallis with Bonferroni correction for mul-
tiple testing was used for comparisons between 3 or more 
groups. The data were expressed as median ± interquar-
tile range (±IQR), and correlations were determined using 
Spearman’s correlation coefficients. A p-value <0.05 was 
considered statistically significant.

Results

Pathologic changes of nephritic function 
in PHN rats induced by anti-Fx1A antiserum

Twenty days after administration of the anti-Fx1A an-
tibody, the GBM was irregularly thickened. In addition, 
subepithelial electron-dense deposits were observed, and 
characteristic spike-like structures were formed in PHN 
rats (Fig. 1A). Quantitative analysis of TEM results (Fig. 1B) 
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Fig. 1. Pathologic change of nephritic function in passive Heymann nephritis (PHN) rats. The animals were induced with anti-Fx1A antiserum. 
A. Transmission electron micrograph (TEM) of the glomerular capillary wall from control and PHN rats at 20 days after anti-Fx1A antiserum injection. 
The red asterisks indicate electron-dense deposits, and the red arrows represent the new basement membrane (TEM × 30,000 and × 12,000, respectively). 
B. Comparison of semi-quantification of GBM thickness in control and PHN rats (n = 3); C,D. Comparison of 24 h urine protein (C) and 24 h urine protein/
creatinine ratio (D) in control and PHN rats (n = 6 for each). Horizontal line shows the median. *p < 0.05 and **p < 0.01 using Mann–Whitney U test

GBM – glomerular basement membrane; EP – epithelial cell; ED – endothelial cell; CL – capillary lumen.
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showed the thickness of GBM in PHN rats was signifi-
cantly greater than in control rats (701.6 ±172.8 nm vs 
247.0 ±53.4 nm, Mann–Whitney U test, p = 0.05). In ad-
dition, PHN rats developed significantly heavier pro-
teinuria, as evidenced by  increased 24 h urine protein 
(167.7 ±77.4 mg vs 3.0 ±1.4 mg, Mann–Whitney U test, 
p = 0.004; Fig. 1C) and the 24 h urine protein/creatinine 
ratio (Mann–Whitney U test, p = 0.004; Fig. 1D). These 
results suggest that PHN rats developed nephritis after 
immunization with anti-Fx1A antiserum.

Tfh cells were expanded and activated 
in the spleen in PHN rats

We  then examined whether Tf h (def ined 
as CD4+CXCR5+) cells were enriched in the context of rat 
PHN models. Both circulating and splenic Tfh cells were 
characterized employing FC analysis. The gating strategy 
and representative plots are shown in Fig. 2A–C. On day 20 
following immunization with anti-Fx1A antibody, pheno-
typic analysis indicated the percentages of Tfh cells among 
splenic MNCs (Mann–Whitney U test, p = 0.025; Fig. 2D, 
left) and CD4+ T cells were significantly higher in PHN rats 
than the control group (Mann–Whitney U test, p = 0.016; 
Fig. 2E, left). Similarly, an approximately twofold increase 
in ICOS+ Tfh cells in splenic CD4+ T cells was observed 
in PHN rats as compared to control rats (0.34 ±0.3% vs 
0.19 ±0.08%, Mann–Whitney U test, p = 0.016; Fig. 2F, 
left). However, varying expression patterns were observed 
concerning circulating Tfh cells, which were considered 
peripheral memory Tfh cells. Although higher frequen-
cies of circulating Tfh cells among MNCs or CD4+ T cells 
were found in PHN rats as compared to the control group, 
no significant difference was observed (Fig. 2D–F, right). 
In addition, circulating ICOS+ Tfh cells were comparable 
between the 2 groups. Therefore, ICOS+ Tfh cells were 
enriched in the spleen but not in the PB of PHN rats.

Distribution of B cell subsets in PHN rats

To investigate the association between dysregulation 
of Tfh cells and B cells, we subsequently examined splenic 
B cell subsets in PHN rats. Among the B cell subsets, total 
B cells (CD3–CD45R+), antibody-secreting B cells (ASCs, 
defined as CD3–CD45R+IgG+), and memory B cells (CD3–

CD45R+CD27+) were evaluated. In agreement with a pre-
vious study,21 no statistical difference in the frequency 
of total B cells was observed 20 days after immunization 
(Mann–Whitney U test, p = 0.513). However, there was 
a significant induction of ASCs (Mann–Whitney U test, 
p = 0.05) and a reduction of memory B cells (Mann–Whit-
ney U test, p = 0.05) in PHN rats compared to control rats 
(Fig. 3A–E). Moreover, as shown in Fig. 3F–H, kinetic anal-
ysis showed distinct differentiation patterns of B cell sub-
sets over the immunization time. Of note, rapid induction 

of total B cells was identified on day 2 (Kruskal–Wallis 
with Bonferroni correction, day 2 vs day 0, p = 0.031) and 
then gradually decreased. The frequency of IgG+ ASCs was 
continually increased, reaching a peak at day 20. Therefore, 
the B cell subset was found to be altered, which may affect 
autoantibody production in IMN disease.

Dynamic changes of Tfh cell frequency 
in PHN rats and the correlation with 
disease progression

To obtain a deeper insight into the role of Tfh cells in IMN 
development, we dynamically monitored the changes in Tfh 
cells and Bcl-6 expression in the spleen of PHN rats. Con-
sistent with progressive development of nephritis (Fig. 1), 
the proportion of Tfh cells showed an increasing trend dur-
ing the development of PHN, which reached a peak at day 13 
(Kruskal–Wallis test with Bonferroni correction, day 13 vs 
day 0, p = 0.019, Fig. 4A). A rapid induction of ICOS+ Tfh 
cells was found on day 2, remaining stable through day 20 
(Fig. 4B). Bcl-6 is a key transcription factor for the program-
ming of Tfh cells. The RT-qPCR also confirmed the mRNA 
level of Bcl-6 in spleen MNCs of PHN rats was elevated 
(Kruskal–Wallis with Bonferroni correction, day 6 vs day 0, 
p = 0.006; Fig. 4C). In addition, although no significant 
correlation was found between the frequency of Tfh cells 
and 24 h urine protein, the percentage of ICOS+ Tfh cells 
and Bcl-6 mRNA levels were positively associated with 
24 h urine protein levels (r = 0.676, p = 0.011; r = 0.706, 
p = 0.034, respectively) (Fig. 4D–F). Taken together, these 
results suggest that an induction of Tfh cells was accom-
panied by the progression of PHN.

The expression of IL-21 was elevated 
in PHN rats

Interleukin-21 is reported to be the main effector of Tfh 
cells; thus, we next explored its expression in PHN rats. 
As shown in Fig. 5A, serum concentrations of IL-21 began 
to rise on day 2 and peaked on day 13 after immunization 
(Kruskal–Wallis test with Bonferroni correction, day 13 
vs day 0, p = 0.041). Consistent with this finding, IL-21 
mRNA expression in spleen MNCs was higher, but not 
significantly, in PHN rats than in control rats (Fig. 5B). 
Furthermore, IHC was performed to compare expression 
and localization of CD4+ and IL-17+ cells in kidney tissue 
from PHN and control rats. As shown in Fig. 5C–E, the in-
filtration of IL-21+ cells and CD4+ cells was significantly 
increased in the kidney tissue of PHN rats than control 
rats, especially around the kidney tubules (Fig. 5C). Passive 
Heymann nephritis rats showed a significantly higher AOD 
value of CD4 (0.237 ±0.007 vs 0.231 ±0.009, Mann–Whit-
ney U test, p = 0.047; Fig. 5D) and IL-21 (0.292 ±0.008 vs 
0.287 ±0.004, Mann–Whitney U test, p = 0.047; Fig. 5E). 
These results confirmed IL-21 was elevated in PHN rats.
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Fig. 2. T follicular helper (Yfh) cells were expanded in the spleen of passive Heymann nephritis (PHN) rats. The PHN and control rats were euthanized 
on day 20, mononuclear cells (MNCs) were separated from peripheral blood and spleen, and Tfh cell subpopulations were detected using flourescence 
activated cell sorting (FACS). A. Gating strategy for Tfh cell subsets; B,C. Representative flow cytometric histograms for inducible T cell co-stimulator-positive 
(ICOS+) Tfh cells in spleen (B) and peripheral blood mononuclear cells (PBMCs) (C) from control and PHN rats; D–F. Statistical analysis of the frequencies 
of Tfh cells of MNCs (D), Tfh cells of CD4+ cells (E) and ICOS+ Tfh cells (F) between control and PHN rats, n = 5 of each. Significant differences were assessed 
with Mann–Whitney U test

Horizontal line shows median; NS – not significant; *p < 0.05.
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Discussion

T follicular helper cells are crucial regulators of GC 
formation, B cell development and long-term memory re-
sponses.22 In this study, we report that Tfh cells are highly 
enriched and activated in PHN rats, and their frequency 
is significantly associated with disease severity.

The PHN model is a classical model for investigating 
the pathogenesis of IMN. In this study, the PHN rats dis-
played histopathological and laboratory features of IMN, 
including irregularly thickened GBM, subepithelial spikes 
on the outer surface of the capillary wall, abnormal pro-
teinuria development, and an elevated 24 h urine protein/
creatinine ratio. Dynamic results suggested that splenic 

Fig. 3. The frequency of B cells in passive Heymann nephritis (PHN) rats. The B cell subpopulations of control and PHN rats were detected in spleen 
mononuclear cells (MNCs), and their correlation with different T cell subsets was analyzed. A,B. Gating strategy (A) and representative plots (B) of B cell 
subpopulations analyzed using flourescence activated cell sorting (FACS); C–E. Statistical analysis of the percentage of B cells (C), memory B cells (D) and 
IgG+ ASCs (E) in control and PHN rats (n = 3 for each). Significant differences were assessed with Mann–Whitney U test. *p < 0.05 compared with control 
rats; F–H. The kinetic frequency of B cells (F), memory B cells (G) and IgG+ ASCs (H) in B cells at indicated times. Significant differences were assessed using 
Kruskal–Wallis with Bonferroni correction

Horizontal line shows median; *p < 0.05 compared with PHN rats euthanized on day 0; NS – not significant.
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Tfh cells were gradually upregulated after injection with 
anti-Fx1A antiserum and were significantly higher than 
in the control group on day 20. Additionally, RT-qPCR 
results also indicated that Tfh cells upregulated Bcl-6, 
which is a specific transcription factor for Tfh cell differen-
tiation.23,24 These findings demonstrated that splenic Tfh 
cells were mature in PHN rats. It is noteworthy that Zhang 
et al. previously reported an expansion of cTfh cells in pa-
tients with IMN.17 However, despite higher frequencies 
of circulating Tfh cells found in PHN rats, no significant 
difference was found between those and the control group. 
This discrepancy may be representative of the different 
stages of disease. In this study, circulating Tfh cells were 
induced at the onset of disease, which preceded the ap-
pearance of proteinuria, whereas in Zhang et al. elevated 
cTfh cells were found in confirmed IMN patients with 
kidney injury and high proteinuria. Consistent with our 
results, the induction of Tfh cells was found in the lymph 
node biopsies of early RA patients, whereas the frequency 
of Tfh cells did not differ in the blood between RA patients 
and controls.25 In particular, mass cytometric comparison 
results have suggested that cTfh cells can be generated 
at the T cell–B cell border, and then travel through efferent 

lymph to the blood.26,27 Overall, these results confirmed 
that Tfh cells are expanded in the PHN model and the el-
evation of Tfh cells were fist detected in the spleen but not 
in the PB after immunization.

Splenic Tfh cells from PHN rats expressed higher ICOS 
than the control group, whereas no significant differences 
were found in the frequency of circulating ICOS+ Tfh cells. 
Interestingly, the correlation analysis indicated that splenic 
ICOS+ Tfh cells, together with the Bcl-6 mRNA levels, pos-
itively correlated with concentrations of 24 h urine protein, 
which was the clinical biomarker for monitoring disease 
severity. In particular, several studies showed an offset 
between immunologic and clinical remissions that was 
indicative of the longer timespan needed to form enough 
deposits to initially induce proteinuria and the time needed 
to  remove subepithelial deposits, repair podocyte and 
capillary wall damage, and restore glomerular perm se-
lectivity.28 These data suggested that higher percentages 
of Tfh cells, especially ICOS+ Tfh cells, may be considered 
as a potential biomarker to monitor the disease activity 
of IMN.

Interleukin-21, a pleiotropic Tfh cell-derived cytokine, 
has been proven to play a crucial role in the formation and 

Fig. 4. Dynamic changes of activated 
T cell frequency in passive Heymann 
nephritis (PHN) rats and correlation 
with disease progression. Passive 
Heymann nephritis rats were 
euthanized on day 0, 2, 6, 13, or 20, 
and spleen mononuclear cells (MNCs) 
were separated for flourescence 
activated cell sorting (FACS) analysis 
and reverse transcription quatitative 
polymerase chain reaction (RT-qPCR), 
while 24 h urine samples were 
collected for 24 h urine protein 
detection. A,B. The kinetic detection 
of the frequency of T follicular helper 
(Tfh) cells (A) and inducible T cell 
co-stimulator-positive (ICOS+) Tfh cells 
(B) at specific days as indicated (n ≥ 3 
for each); C. Fold change of B cell 
lymphoma 6 (Bcl-6) mRNA in PHN rats; 
D–E. Correlation of 24 h urine protein 
with the frequency of Tfh cells (D) and 
ICOS+ Tfh cells (E) in PHN rats (n = 13 
for each); F. Association of 24 h urine 
protein with the fold change of Bcl-6 
mRNA (n = 9). Horizontal line shows 
the median, with *p < 0.05, **p < 0.01 
using Kruskal–Wallis with multiple 
comparisons of Bonferroni correction 
(A–C). Spearman correlation statistics 
are shown in D–F
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maintenance of germinal centers (GCs), as well as the de-
velopment of B cells. Thus, the expression of IL-21 was 
intensively investigated. Due to a lack of directly labeled 
FC antibodies for rat IL-21, we used 3 methods to detect 
IL-21 levels instead. First, kinetic analysis indicated that se-
rum IL-21 began to increase on day 2 after immunization, 
which was before the manifestation of proteinuria. Second, 

RT-qPCR results showed that relative expression levels 
of IL-21 mRNA in PHN group exhibited a rising trend, al-
though they were not statistically significant as compared 
to the control group (Fig. 5B). Moreover, elevated IL-21+ 
cells and CD4+ cells were observed in the kidney tissue 
of PHN rats as opposed to control rats. Also, successive 
sections of IHC results demonstrated that IL-21 and CD4 

Fig. 5. The expression of interleukin (IL)-21 was elevated in passive Heymann nephritis (PHN) rats. The serum concentration, relative mRNA expression and 
kidney infiltration of IL-21 were detected in PHN rats. A,B. The serum concentration of IL-21 (A) and fold change of IL-21 mRNA (B) in PHN rats; C–E. Expression 
level of CD4 and IL-21 in control and PHN rats detected with immunohistochemistry (IHC). The right panels show higher-magnification views of the box 
area (C). Red arrow shows the positive cell staining. Scale bars represent 50 μm or 100 μm, respectively. ImageJ software was used to quantify IHC results, 
and values were expressed as average optical density (AOD). Statistical analysis AOD of CD4 (D) and IL-21 (E) in control and PHN rats (n = 5 for each). 
Horizontal line shows the median. *p < 0.05 using Kruskal–Wallis with multiple comparisons test of Bonferroni correction (A and B) and Mann–Whitney 
U test (D and E)
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signals were detected in the same location (Fig. 5C–E). 
In addition, our previous study confirmed elevated serum 
IL-21 expression in IMN patients compared to healthy 
controls.29 Thus, our data demonstrated that the expres-
sion of IL-21 was elevated in PHN rats, which might be 
a new clinical biomarker for monitoring disease processes.

It is widely accepted that the expansion of Tfh cells leads 
to perturbations of B cells that could eventually contribute 
to the development of autoimmune disorders.30 As such, 
we take an interest in B cell subset distribution and the asso-
ciation between B cell subsets and Tfh cells in IMN. Interest-
ingly, the distribution of B cell subsets was different. The anti-
body producing ASCs were expanded, but the memory B cells 
were decreased in PHN rat spleens compared with the normal 
group (Fig. 3D,E). Memory B cells are located in the blood, 
spleen and other lymphoid organs and are a critical reservoir 
for plasma cell generation in the secondary response.31 This 
reduction of memory B cells might be a result of their dif-
ferentiation into antibody-producing ASCs. Consistent with 
our results, a reduction of circulating memory B cells in IMN 
patients has been reported.21

Limitations

The lack of rat antibodies restricted our ability to sort 
Tfh cells and further characterize the helper function 
of B cells in PHN rats. Additionally, negative feedback be-
tween T and B cells has been reported. In patients with 
MS, activated memory B cells can suppress the prolifera-
tion of Tfh cells.32 Therefore, further research is required 
to define the mechanisms of  T cells and B cells collabora-
tion in the promotion of disease progression.

Conclusions

Altogether, our study confirmed that Tfh cells and ASCs 
were significantly increased in PHN rats. Furthermore, 
Tfh cells were activated by upregulating ICOS and IL-21 
expression, and the frequency of ICOS+ Tfh cells was posi-
tively correlated with 24 h urine protein. These findings 
document the importance of Tfh cells in the pathogenesis 
of IMN and provide a potential new therapeutic target.
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