
Clinical Kidney Journal , 2025, vol. 18, no. 3, sfaf057 

https:/doi.org/10.1093/ckj/sfaf057
Advance Access Publication Date: 24 February 2025 
Original Article 

ORIGINAL  ARTICLE  

Causal relationships between immune cell 
phenotypes and primary glomerular diseases: genetic 

evidence from bidirectional Mendelian randomization 

study 

Wenhao Tang, Qiu Li, Xueying Yang and Haiping Yang

Department of Nephrology Children’s Hospital of Chongqing Medical University, Chongqing, China; National 
Clinical Research Center for Child Health and Disorders, Chongqing, China; Ministry of Education Key 
Laboratory of Child Development and Disorders, Chongqing, China; Chongqing Key Laboratory of Pediatric 
Metabolism and Inflammatory Diseases, Chongqing, China 

Correspondence to: Haiping Yang; E-mail: oyhp0708@163.com; Xueying Yang; E-mail: xyyang0502@163.com

ABSTRACT 

Background. Primary glomerular diseases ( PGDs) , including nephrotic syndrome ( NS) , membranous nephropathy ( MN) , 
and IgA nephropathy ( IgAN) , are complex renal conditions influenced by immune system dysregulation. Although 

associations between immune cell phenotypes and PGDs have been observed, the precise causal relationships have not 
been fully elucidated. 
Methods. Utilizing genetic association data from genome-wide association studies ( GWASs) , we investigated 731 
immunophenotypes in relation to PGDs. A bidirectional two-sample Mendelian randomization ( MR) approach, primarily 
employing inverse variance weighting ( IVW) , was conducted to establish causality. MR-Egger, weighted median, simple 
mode, and weighted mode were used as complementary methods to reinforce the robustness and validity of the results. 
Sensitivity analyses further validated the sensitivity and stability of our results. 
Results. We identified 38 immunophenotypes suggestively related to IgAN, with 20 as risk factors and 18 as protective 
effects. Six immunophenotypes remained significant after Bonferroni correction: The percentage of CD25hi among T 

cells; the percentage of CD25hi CD45RA− CD4 not T regulatory ( Treg) among T cells; the percentage of CD25hi CD45RA−

CD4 not Treg within the CD4+ T cell population; CX3CR1 expression on monocytes; CD40 expression on monocytes; and 
CD64 expression on CD14+ CD16− monocytes. In the validation analysis of IgAN, CD3 expression on effector memory 
CD4+ T cells further confirmed the predisposing risk role of effector memory T cells in the development of IgAN. 
Additionally, the MR analysis demonstrated suggestive associations between 25 immunophenotypes and MN ( 8 risk 
factors and 17 protective factors) , as well as between 22 immunophenotypes and NS ( 10 risk factors and 12 protective 
factors) . Last, by intersecting the immunophenotypes showing suggestive associations with PGDs, we identified two 
common immunophenotypes shared by IgAN and MN, three by IgAN and NS, and one by MN and NS. 
Conclusions. This genetic-level investigation uncovers causal associations between immunophenotypes and PGDs, 
providing valuable insights into the immunological underpinnings of PGDs. Our findings suggest potential targets for 
treatment strategies, thereby facilitating more personalized and effective therapeutic approaches in PGDs management. 
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Conclusion: Our study provides genetic evidence that different immune cell 
phenotypes regulate PGDs pathogenesis, and offers valuable insights for
future clinical diagnosis and treatment strategies.

Causal relationships between immune cell phenotypes
and primary glomerular diseases: genetic evidence from
bidirectional Mendelian randomization study

Although associations between immune cell phenotypes and PGDs have been observed,
the precise causal relationships have not been fully elucidated.
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KEY LEARNING POINTS 

What was known: 

• IgA nephropathy, membranous nephropathy, and nephrotic syndrome are the most common forms of PGDs that represent 
a significant subset of immune-mediated kidney disorders.

• Multiple studies have highlighted that immune cells play important roles in the progression of PGDs.

This study adds: 

• We present direct genetic evidence, highlighting the crucial roles of specific immune cell phenotypes in the pathogenesis of 
PGDs.

• Our results reflect the fact that immunophenotypes is a more critical initiating factor for IgAN in PGDs.

Potential impact: 

• Our research offers invaluable immunological insights for PGDs, paving the way for future early clinical diagnosis and treat- 
ment approaches.
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NTRODUCTION 

rimary glomerular diseases ( PGDs) are the leading causes of 
nd-stage renal disease worldwide, necessitating kidney re- 
lacement therapy and associated with high morbidity and 
ortality. This imposes an increasing socioeconomic bur- 
en on healthcare systems globally [1 , 2 ]. IgA nephropathy 
 IgAN) , membranous nephropathy ( MN) , and nephrotic syn- 
rome ( NS) are the most common forms of PGD that repre- 
ent a significant subset of immune-mediated kidney disor- 
ers. Despite extensive research, the precise role of the im- 
une system in the pathogenesis of PGDs remains poorly 
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Immune dysregulation plays a crucial role in the onset and
rogression of PGDs. For instance, IgAN is characterized by 
he deposition of IgA-containing immune complexes in the 
lomeruli, whereas MN is associated with autoantibodies target- 
ng specific podocyte antigens, leading to the immune complex 
eposition [3 , 4 ]. Notably, the B cell activation factor ( BAFF) and
 proliferation-inducing ligand ( APRIL) , which promote B cell 
ifferentiation, maturation, and plasma cell antibody secretion,
ave been implicated in several glomerular diseases [5 ]. Target-
ng BAFF/APRIL with specific inhibitors has emerged as a promis-
ng therapeutic strategy, with some inhibitors currently in the 
ost advanced stages of clinical validation for IgAN and MN,
emonstrating their potential to revolutionize the treatment for 
his condition [6 ]. In addition, multiple studies have highlighted
he role of adaptive immunity including the imbalance of T cells
nd innate immunity involving Toll-like receptors and mono- 
ytes, in developing PDGs [7 –9 ]. However, the exact pathways
hrough which immune cell phenotypes contribute to the pro- 
ression of these conditions remain poorly understood. Further- 
ore, the potential bidirectional interactions between immune 

esponses and glomerular pathology are not well-defined, pos- 
ng challenges in identifying effective therapeutic targets. 

Given these complexities, Mendelian randomization ( MR) , a 
ational epidemiological genetic approach, offers a novel per- 
pective for exploring causal relationships between heritable 
omplex traits [10 ]. Single nucleotide polymorphisms ( SNPs) 
rom genome-wide association studies ( GWAS) were chosen as 
nstrument variables ( IVs) to draw credible causal inferences.
onsequently, bias in traditional investigations due to con- 
ounding factors and reverse causality can be effectively avoided 
11 ]. In the context of PGDs, bidirectional MR allows for the inves-
igation of both the influence of immune cell phenotypes on the
evelopment of NS, IgAN, and MN, and the potential feedback 
ffects of these diseases on immune system modulation. 

In this study, we employed bidirectional MR by harnessing 
WAS summary statistics from leading consortia to infer and 
enetically investigate the causal effect between immune cell 
henotypes and PGDs. The findings are expected to improve our
nderstanding of the immunopathology of PGDs, informing fu- 
ure strategies for management and treatment. 

ATERIALS AND METHODS 

tudy design 

e utilized two-sample MR to evaluate the causal relationships 
etween 731 immunophenotypes and PGDs. The flowchart of 
he study is shown in Fig. 1 . Selecting of appropriate SNPs as in-
trumental variables ( IVs) for causality analysis requires meet- 
ng the following criteria: ( i) relevance hypothesis: IVs must be 
trongly associated with the exposure factors; ( ii) independence 
ypothesis: IVs should not be influenced by other confounders; 
nd ( iii) exclusionary hypothesis: IVs should affect the outcome 
actors solely through the exposure factors. All data for this
tudy were sourced from previously published research and pub- 
ic databases, thus eliminating the need for additional ethical 
pproval. 

Furthermore, we validated the causal relationships between 
mmunophenotypes and IgAN in an independent cohort. How- 
ver, due to the lack of available independent datasets for MN
nd NS, it is currently challenging to perform robust replication
or these phenotypes. The process for IgAN validation was con-
istent with the analysis above. 
ata sources 

he immunity-wide GWAS of 731 immune cell phenotypes, per-
ormed by Valeria Orrù et al ., involves a cohort of 3757 Europeans
12 ]. These 731 immunophenotypes include 118 absolute cell
ounts ( AC) , 389 median fluorescence intensities ( MFI) reflecting 
urface antigen levels, 32 morphological parameters ( MP) , and 
92 relative cell counts ( RC) . The analysis highlighted the char-
cteristics of seven major flow cytometry panels: B cells, cDCs
 conventional dendritic cells) , mature stage T cells, monocytes,
yeloid cells, TBNK ( T cells, B cells, natural killer cells) , and T

egulatory ( Treg) cells. GWAS summary statistics for each im- 
unophenotypes are publicly available from the GWAS Catalog

 GCST90001391 to GCST90002121) . 
The genetic variables of PGDs were obtained from publicly

vailable GWASs conducted by each leading consortium. The
WAS analysis for IgAN included 11 European cohorts with
6 734 individuals ( 5556 cases and 21 178 controls) , and the data
re available from the Kiryluk Laboratory [13 ]. The GWAS anal-
sis for the IgAN validation cohort included 477 784 European
ndividuals ( 15 587 cases and 462 197 controls) [14 ]. The GWAS
nalysis for MN included five European cohorts with 7979 in-
ividuals ( 2150 cases and 5829 controls) , and for NS included
76 030 European individuals ( 775 cases and 475 255 controls)
14 , 15 ]. 

Details on the GWAS summary data sources used in our
tudy are provided in Table 1 . 

nstrumental variable selection 

e applied rigorous filtering procedures to pinpoint robust and
eliable instrumental variables ( IVs) for MR analysis. First, we se-
ected SNPs that were genome-wide significant ( P < 5 × 10−8 ) for
gAN, IgAN validation, and MN, and suggestive genome-wide sig-
ificant ( P < 1 × 10−5 ) for immunophenotypes and NS due to its
imited significant SNPs. Second, we applied the clumping pro-
ess with genome linkage disequilibrium in European ancestry
 r2 < 0.001, distance threshold > 10 000 kb) . Proxies based on the
orrelation ( r ² > 0.8) with the original SNPs were used in the re-
erse but not in the forward MR, considering the number of IVs
nd the potential bias introduced by proxies [16 , 17 ]. Third, to
void the impact of weak instrumental variables, we calculated
he F statistics for all SNPs to assess their strength [18 ]. Since
n F value > 10 is considered a non-weak instrument, we select
NPs with F > 10 for MR analysis. Finally, we removed SNPs that
ere significantly associated with the outcome ( P < 1 × 10−5 ) to
atisfy the exclusionary hypothesis. 

endelian randomization 

ll statistical analyses were performed in R v.4.3.1 software. The
etailed information on the software, packages, function, and
arameters used are provided in Supplementary Table 1. The 
nverse variance weighted ( IVW) method was primarily used to 
etermine the causal relationship between immunophenotypes 
nd PGDs, employing the TwoSampleMR package [19 ]. IVW was
he preferred method for this research since it is the most ef-
cient MR analysis with the highest statistical power, assum-
ng that all SNPs serve as valid instrumental variables with-
ut horizontal pleiotropy and thus delivering stable and valid
ausal estimates [20 ]. However, due to the difficulty of eliminat-
ng horizontal pleiotropy in all SNPs in practical applications,
he IVW method is prone to bias, which affects the accuracy of
he results. Considering this, the MR-Egger, weighted median,

https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfaf057#supplementary-data
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Figure 1: Flowchart of the study. nSNP, number of SNPs. 
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Table 1: The GWAS data source details in our study. 

Phenotype Data source Case Control Sample size Ancestry 

immunophenotypes Orrù V et al.GCST90001391 to GCST90002121 3 757 European 
IgAN Kiryluk K et al.PMID: 37337107 5 556 21 178 26 734 European 
IgAN ( validation) Sakaue S et al.GCST90018866 15 587 462 197 477 784 European 
MN Xie J et al.GCST010005 2 150 5 829 7 979 European 
NS Sakaue S et al.GCST90018884 775 475 255 476 030 European 
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imple mode, and weighted mode were used as complemen- 
ary methods [21 ]. Typically, to evaluate the robustness of the
esults, the heterogeneity of IVW estimates is quantified using 
ochran’s Q test, with a P value below .05 indicating the presence
f heterogeneity [22 ]. However, if the null hypothesis is rejected
 P < .05) , indicating the presence of heterogeneity among SNPs,
he results are then evaluated using the weighted median ( WM) 
ethod [12 ]. Causal association between the exposure and the
utcome is ruled out when the outcomes of the WM method are
lso found to be non-significant. To mitigate the impact of hor-
zontal pleiotropy, we employed MR-PRESSO to assess its pres- 
nce and retained the causal inference effects when pleiotropy 
as not detected, with a P value below .05 indicating the pres-
nce of horizontal pleiotropy [23 ]. Besides, we used scatterplots
o assess causality, visualize the heterogeneity, and check the 
mpact of outliers. Funnel plots evaluated the heterogeneity of 
Vs, and leave-one-out analyses examined the potential impact 
f excluding any IVs on the MR estimates. In the leave-one-out
lots, the P value for the overall analysis remained below .05 af-
er omitting each SNP, suggesting that no single SNP is dispro-
ortionately influencing the results. These methods collectively 
nsured the sensitivity and stability of the results. 

To address multiple testing, we used Bonferroni correction to 
djust the P value for various immunophenotypes ( P ≤ .05/43 for 
onocytes, P ≤ .05/190 for B cells, P ≤ .05/64 for cDCs, P ≤ .05/64

or myeloid cells, P ≤ .05/124 for TBNK cells, P ≤ .05/79 for
aturation stages of T cells, and P ≤ .05/167 for Treg cells) .
ausal associations that stayed significant after Bonferroni cor- 
ection were considered as strong evidence, showing robust sig- 
ificance. 

ESULTS 

ausal effects between immunophenotypes and IgAN 

NPs were finally selected for IVs based on established filtering
rocedures. The basic information about the IVs and the corre-
ponding F statistics are shown in Supplementary Table 2. As 
 result, 48 immune cell phenotypes were found to be sugges-
ively associated with IgAN according to IVW methods, as de-
ailed in Supplementary Table 3. Owing to inconsistent effect 
irections across methods, nine immune phenotypes were ex- 
luded. Besides, significant heterogeneity was observed in CD40 
xpression on CD14+ CD16+ monocytes ( Cochran’s Q P = .030,
M = .085) and in the percentage of CD33dim HLA DR+ CD11b+ 

ithin CD33dim HLA DR+ myeloid cell population ( Cochran’s 
 P = .040, WM = .001) . The latter was retained, consider-
ng it suggestively significant in the WM results. No signifi-
ant horizontal pleiotropy was detected in sensitivity analyses 
 Supplementary Figs 1–3) . 

Finally, 38 immunophenotypes were found to be sugges- 
ively involved in the pathogenesis of IgAN. Among them, 20
mmunophenotypes act as risk factors, while 18 immunophe- 
otypes provide protective effects against IgAN ( Fig. 2 a) . No- 
ably, four immunophenotypes that exert risk effects for IgAN
assed the multiple test adjustments of Bonferroni correction:
he percentage of CD25hi among T cells ( P IVW = 2.782 × 10−5 ,
RIVW = 1.324, 95%CIIVW = 1.161–1.509) in the Treg panel, the
ercentage of CD25hi CD45RA− CD4 not Treg among T cells
 PIVW = 3.132 × 10−5 , OR IVW = 1.205, 95%CI IVW = 1.104–1.316) 
n the Treg panel, the percentage of CD25hi CD45RA− CD4 not
reg within CD4+ T cell population ( PIVW = 1.361 × 10−4 , OR
VW = 1.193, 95%CI IVW = 1.090–1.307) in the Treg panel, and
X3CR1 expression on monocytes ( PIVW = 8.339 × 10−4 , OR 

VW = 1.170, 95%CI IVW = 1.067–1.283) in the monocyte panel. Ad-
itionally, two immunophenotypes that passed Bonferroni cor- 
ection exert protective effects against IgAN: CD40 expression on
onocytes ( P IVW = 3.134 × 10−4 , OR IVW = 0.897, 95%CI = 0.846–
.952) in the monocyte panel and CD64 expression on CD14+ 

D16− monocytes ( P IVW = 5.898 × 10−4 , OR IVW = 0.841, 95%CI 
VW = 0.762–0.928) in the monocyte panel ( Fig. 2 b) . 

Next the causal relationships between immunopheno- 
ypes and IgAN were validated in an independent cohort
 Supplementary Table 4, Fig. 3 a) . Five immunophenotypes, which 
efer to the same subtypes or the same marker and exhibit the
ame direction, were validated for their causal associations with
gAN ( Fig. 3 b) . Notably, CD3 expression on effector memory CD4+ 

 cell ( P IVW = 3.524 × 10−4 , ORIVW = 1.044, 95%CIIVW = 1.020–
.069) , representing the enhanced function of effector mem-
ry CD4+ T cells, validated the immunophenotypes of the per-
entage of CD25hi among T cells, the percentage of CD25hi
D45RA− CD4 not Treg among T cells and the percentage of
D25hi CD45RA− CD4 not Treg within CD4+ T cell population.
hese immunophenotypes are mainly composed of Th1, Th2,
nd Th17 effector memory cells, and the results confirm that
ffector memory T cells are a risk factor for IgAN. 

Furthermore, we reversed MR analysis to explore whether
here was reverse causality between IgAN and the remaining 38
mmune cell phenotypes, which resulted in no significant causal
ffects. 

ausal effects between immunophenotypes and MN 

 total of 33 immune cell phenotypes with sugges-
ive IVW results showed potential associations with MN
 Supplementary Table 5) . Eight immune cell phenotypes were 
xcluded due to inconsistent trends in analytical results. The
emaining immune cell phenotypes were free of heterogeneity
nd horizontal pleiotropy ( Supplementary Figs 4–6) . The final 
creening identified 25 immune phenotypes, of which eight
ere risk factors for MN and 17 were protective against MN

 Fig. 4 a) . However, none of the phenotypes passed the threshold
fter Bonferroni multiple test correction ( Fig. 4 b) . 

Subsequently, reverse MR of the remaining 25 immune cell
henotype did not reveal the existence of significant reverse
ausality for MN. 

https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfaf057#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfaf057#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfaf057#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfaf057#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfaf057#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfaf057#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfaf057#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfaf057#supplementary-data
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Figure 2: Forest plot and volcano plot indicating IVW analysis results of IgAN. ( a) Forest plot demonstrating immunophenotypes with a positive causal relationship 
with IgAN. Beta = ln ( OR) , expressing as change in ln ( OR) of outcome per each additional SD unit of exposure. ( b) Volcano plots depicting causal associations of 731 
immunophenotypes with IgAN. nSNP, number of SNPs; OR, odds ratio; CI, confidence interval. 
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Figure 3: Forest plot and volcano plot indicating IVW analysis results of IgAN validation. ( a) Forest plot demonstrating immunophenotypes with a positive causal 

relationship with IgAN validation. Beta = ln ( OR) , expressing as change in ln ( OR) of outcome per each additional SD unit of exposure. ( b) Volcano plots depicting causal 
associations of 731 immunophenotypes with IgAN validation. nSNP, number of SNPs; OR, odds ratio; CI, confidence interval. 
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Figure 4: Forest plot and volcano plot indicating IVW analysis results of MN. ( a) Forest plot demonstrating immunophenotypes with a positive causal relationship 
with MN. Beta = ln ( OR) , expressing as change in ln ( OR) of outcome per each additional SD unit of exposure. ( b) Volcano plots depicting causal associations of 731 
immunophenotypes with MN. nSNP, number of SNPs; OR, odds ratio; CI, confidence interval. 
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ausal effect between immunophenotypes and NS 

 total of 25 immune cell phenotypes with sugges- 
ive IVW results showed potential associations with NS 
 Supplementary Table 6) . The percentage of CD39+ CD8bright 
ithin CD8bright T cells ( Treg panel) ; BAFF-R expression on 

gD+ ( B cell panel) and CD27 expression on IgD− CD38dim ( B cell 
anel) were removed due to inconsistent effect directions. No 
ignificant heterogeneity or horizontal pleiotropy was detected 
n sensitivity analyses of the remaining immune cell pheno- 
ypes ( Supplementary Figs 7–9) . The final screen identified 22 
mmune phenotypes, of which 10 were risk factors for NS and
2 were protective against NS ( Fig. 5 a) . None of the phenotypes
assed the threshold after Bonferroni multiple test correction 
 Fig. 5 b) . 

Afterward, reverse MR analysis suggested that no significant 
everse causal relationship existed between the remaining 22 
mmune cell phenotypes and NS. 

ausal analysis of immunophenotypes and PGDs 

o explore the immunophenotypes most likely to influence 
GDs, we intersected those demonstrating suggestive associa- 
ions with IgAN, MN, and NS, and constructed Venn diagrams
 Fig. 6 ) . BAFF-R expression on IgD+ CD38− unswitched mem- 
ry B cells ( IVWIgAN = 0.001, ORIgAN = 0.892; IVWMN = 0.032,
RMN = 0.891) in the B cells panel and the percentage of
D33dim HLA DR+ CD11b+ within the CD33dim HLA DR+ 

yeloid cell population ( IVWIgAN = 0.014, ORIgAN = 0.903; 
VWMN = 0.034, ORMN = 0.899) in the myeloid cell panel had 
ausal relationships with protective effects for both IgAN and 
N without heterogeneity or horizontal pleiotropy. CD40 ex- 
ression on monocytes ( IVWIgAN = 3.134 × 10−4 , ORIgAN = 0.897; 
VWNS = 0.039, ORNS = 1.052) in the monocyte panel, the per- 
entage of CD25hi CD45RA− CD4 not Treg within the CD4+ 

 cell population ( IVWIgAN = 1.361 × 10−4 , ORIgAN = 1.193; 
VWNS = 0.046, ORNS = 1.087) in the Treg panel, and abso- 
ute counts of CD45RA+ CD28− CD8bright ( IVWIgAN = 0.048,
VWNS = 0.031, ORIgAN = 1.000, ORNS = 1.000) in the Treg panel 
xhibited positively causal associations with IgAN and NS with- 
ut heterogeneity and horizontal pleiotropy. However, the ac- 
ual risk or protective effects of absolute counts of CD45RA+ 

D28− CD8bright had no clinical significance. Notably, CD40 ex- 
ression on monocytes had a different impact on IgAN and
S. CD3 expression on CD28+ DN ( CD4−CD8− double negative) 

 IVWMN = 0.034, ORMN = 1.217; IVWNS = 0.023, ORNS = 1.129) in 
he Treg panel showed causal relationships, and is a risk fac-
or for both NS and MN without heterogeneity or horizontal
leiotropy. 

ISCUSSION 

o our knowledge, this is the first study to explore the causal re-
ationship between immune cell phenotypes and PGDs using MR 
nalysis. Although Shu et al. have investigated the causal roles of
mmune cell phenotypes in IgAN, the original IgAN GWAS data
sed are not the most suitable for MR analysis due to the in-
ufficient sample size ( 592 IgA nephropathy cases) , which limits 
he power for causal characterization [24 ]. Therefore, our study
mployed the largest and most up-to-date PGDs GWAS studies 
o investigate the shared and distinct genetic contributions of 
mmune cell phenotypes to PGDs. 

Through a series of MR analyses following strict criteria, we
inpointed immunophenotypes in cDCs, Tregs, B cells, TBNK,
aturation stages of T cells, myeloid cells, and monocytes,
hich were suggestively correlated with PGDs ( IgAN = 38, IgAN
alidation = 25, MN = 25, NS = 22) . However, only the causal im-
unophenotype associations with IgAN reached the Bonferroni 
djusted significance, which indicated that immune cells play
he most crucial role in the pathogenesis of IgAN in PDGs. 

A total of six immunophenotypes demonstrated significant 
ausality for IgAN. Among these, three belong to the Treg panel
 the percentage of CD25hi among T cells, the percentage of
D25hi CD45RA− CD4 not Treg among T cells, and the percentage
f CD25hi CD45RA− CD4 not Treg within CD4+ T cell population) ,
nd three belong to the monocyte panel ( CD40 expression on
onocytes, CD64 expression on CD14+ CD16− monocytes, and 
X3CR1 expression on monocytes) . The subsequent validation 
tudy, which resulted in the identification of CD3 expression on
ffector memory CD4+ T cells, further confirmed the predispos-
ng risk role of effector memory T cells in the development of
gAN. 

The CD25hi cell population can be divided into Treg and
on-Treg cell populations based on CD127 expression, with
D127hi occupying a dominant position [12 , 25 ]. CD4+ CD25hi
D127hi cells are predominantly effector memory T cells, with
mmunophenotypes of CD25hi CD45RA− CD4+ not Treg, includ- 
ng Th1, Th2, and Th17 cells [25 –27 ]. Additionally, CD3, an essen-
ial T cell marker, forms a non-covalently bound TCR–CD3 com-
lex with the T cell receptor ( TCR) , which activates the adaptive
mmune response by binding to peptide-major histocompatibil- 
ty complex molecules on antigen-presenting cells. This interac-
ion drives T cell proliferation and the production and secretion
f effector molecules critical for T cell-mediated immunity [28 –
0 ]. Studies demonstrate elevated percentages of effector mem-
ry CD4+ T lymphocytes ( Th1, Th2, and Th17 cells) in IgAN pa-
ients compared to healthy controls [27 , 31 ]. Experiments with
ymphocytes from IgAN patients have proved that Th2 cells pro-
ote hypogalactosylation of IgA, acting as a risk factor for IgAN.
dditionally, Th17 cells produce IL-17, which induces hyperme-
hylation of CpG islands in the C1GALT1C1 gene promoter, lead-
ng to the downregulation of C1GALT1C1 mRNA and increased
ecretion of aberrantly glycosylated IgA1 from B cells [32 , 33 ]. 

Notably, CD25 ( IL-2R α) , which forms the high-affinity IL-2
eceptor complex, may serve as an attractive novel target for
gAN therapy based on genetic insights from our research. Cur-
ently, tacrolimus has been widely used in the treatment of IgAN
y indirectly inhibiting IL-2 production through the suppres-
ion of calcineurin activity and the subsequent blocking of NFAT
 nuclear factor of activated T cells) -dependent IL-2 transcription.
iven this, we propose that monoclonal antibodies directly tar-
eting CD25 could potentially be effective in treating IgAN. Basil-
ximab, a monoclonal antibody targeting CD25, is currently used
n organ transplantation to reduce T cell activity. Studies have
hown that Basiliximab effectively reduces IgAN recurrence af-
er kidney transplantation and treats refractory autoimmune 
ncephalitis [34 , 35 ]. Although no studies have specifically ex-
lored the direct use of Basiliximab in IgAN treatment, we sug-
est that it could be a promising therapeutic option for IgAN. 

Additionally, the significant immunophenotypes of CD40,
X3CR1 expression on monocytes, and CD64 expression on
D14+ CD16− monocytes indicates the vital role of monocytes 
n the pathogenesis of IgAN. Individuals with genetically ele-
ated levels of CD40 expression on monocyte have a significantly
ower risk of developing IgAN. According to Orrù’s study, CD40
xpression on monocytes acts as a protective factor, and acti-
ating CD40 may be effective in treating several autoimmune
iseases, such as Crohn’s Disease, Ankylosing Spondylitis, and

https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfaf057#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfaf057#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfaf057#supplementary-data
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Figure 5: Forest plot and volcano plot indicating IVW analysis results of NS. ( a) Forest plot demonstrating immunophenotypes with a positive causal relationship 

with NS. Beta = ln ( OR) , expressing as change in ln ( OR) of outcome per each additional SD unit of exposure. ( b) Volcano plots depicting causal associations of 731 
immunophenotypes with NS. nSNP, number of SNPs; OR, odds ratio; CI, confidence interval. 
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Figure 6: Venn diagram indicating common immunophenotypes across PGDs. 
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awasaki disease [12 ]. Increasing evidence also shows that CD40
ctivation is promising in cancer immunotherapy, leading to 
he development and clinical trials of CD40 agonists. Selicre- 
umab, the most studied CD40 agonist, has shown initial efficacy 
n neoadjuvant chemotherapy for pancreatic ductal adenocarci- 
oma ( PDAC) in phase I trials [36 , 37 ]. These findings suggest that
D40 agonists, like Selicrelumab, may also have therapeutic po- 
ential in IgAN and other autoimmune diseases from a genetic
erspective. 
Besides, we found that elevated CD64 expression on CD14+ 

D16− monocytes serves as a protective factor against IgAN.
lassical monocytes, expressing CD14+ and CD16−, represent 
80%–85% of total monocytes, which undergo phagocytosis 
ithin tissues and are involved in the clearance of immune com-
lexes [38 , 39 ]. CD64, the only high-affinity IgG receptor in hu-
ans, is primarily expressed on monocytes, macrophages, and 
eutrophils [40 ]. By binding to the Fc region of IgG, CD64 en-
ances the phagocytosis of immune complexes by monocytes,
ncluding Kupffer cells, which play a predominant role in clear-
ng IgA-containing immune complexes [41 , 42 ]. Conversely, el- 
vated CX3CR1 expression on monocytes is a risk factor for
gAN. CX3CR1, abundant on monocytes and macrophages, pro- 
otes adhesion and recruitment of monocytes, and is a marker

or TGF- β production, a profibrotic mediator [43 ]. The CX3CR1-
ractalkine axis has been linked to worsening hematuria, serum 

reatinine levels, and 24-hour urine protein levels in IgAN [44 ,
5 ]. Anti-CX3CR1 antibody treatment has shown significant re- 
uction in glomeruli leukocyte filtration and prevention of cres- 
ent formation, suggesting that CX3CR1 exacerbates inflamma- 
ion and fibrosis [46 ]. This evidence demonstrates that the role
f monocytes in the pathogenesis of IgAN is complex, with dif-
erent monocyte phenotypes having distinct effects on IgAN. 
In this study, no immunophenotypes showed significant 
ausal associations for MN and NS after applying Bonferroni
orrection. We consider that there are two potential reasons.
irst, the sample size of IgAN for the original GWAS is substan-
ially larger than that of MN and NS, which enhances the sig-
ificance, accuracy, and reliability of causal relationships [47 ].
econd, these results might reflect the fact that immune dys-
egulation is a more critical initiating factor for IgAN in terms
f pathophysiology. Therefore, large-scale GWAS of PGDs, espe-
ially in MN and NS, through widespread collaborations to iden-
ify more associations and exploratory studies on immunophe-
otypes are needed to further explore the causal associations
etween immunophenotypes and PGDs. 

Despite that no immunophenotypes demonstrated signif- 
cant causal associations with MN and NS, we proceeded to
xplore common immune factors for PGDs by utilizing the sug-
estive immunophenotypes and constructing a Venn diagram.
our immunophenotypes play similar roles in PGDs ( BAFF-R 
xpression on IgD+ CD38− unswitched memory B cells and the
ercentage of CD33dim HLA DR+ CD11b+ within CD33dim HLA 

R+ myeloid cell population for IgAN and MN; the percentage
f CD25hi CD45RA− CD4 not Treg within CD4+ T cell population
or NS and IgAN; CD3 expression on CD28+ DN for MN and
gAN) , while one immune phenotype has opposite effects in
GD ( CD40 expression on monocytes for IgAN and NS) . 

Previous studies have demonstrated that B cells play a signif-
cant role in the pathogenesis of PGDs [4 , 8 , 9 ]. We discovered that
levated levels of BAFF-R expression on IgD+ CD38− unswitched 
emory B cells exert a protective effect against IgAN and MN
ccurrence. BAFF-R is a critical marker for the pro-survival B
ells by binding to BAFF, which activates several downstream
athways that regulate basic survival functions including 
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rotein synthesis and energy metabolism [48 ]. Recent studies 
ave found that serum BAFF levels are increased in patients with 
gAN and MN, which are associated with clinical and prognostic 
utcomes of the disease [49 , 50 ]. However, our studies found that 
AFF-R expressed on IgD+ CD38− unswitched memory B cells 
xerts a protective effect. Researchers found that unswitched 
emory B cells were negatively correlated with levels of autoan- 

ibodies, and that the elevated levels of BAFF-R improve the sur- 
ival of this subset and enhance their protective effects [51 , 52 ].

Interestingly, we observed the elevated of CD40 expression 
n monocytes has opposite causal effects on IgAN ( protective) 
nd NS ( risk) . Studies have shown that CD40 monocytes are a 
ro-inflammatory subset that induce the activation, prolifera- 
ion, and cytokine production of CD4+ T cells [53 ]. Compared 
ith other monocytes, CD40 monocytes express higher levels of 

nflammatory markers, thus enhancing the function of CD4+ T 
ells [54 ]. It seems that CD40 expression on monocytes appears 
o be a risk factor for IgAN and NS. However, as discussed earlier,
D40 monocytes are a protective factor for IgAN by eliminating 
gA1 [55 ]. The results prove that the pathogenic role of IgA1 out- 
eighs the inflammatory contributions in IgAN. 
As for MN and NS, elevated CD3 expression on CD28+ DN 

 CD4−CD8−) is a risk factor. CD3 plays a significant role in T cell 
evelopment and differentiation. The CD3–TCR complex serves 
s the initial signal for T cell activation, therefore an increase 
n CD3 indicates heightened T cell activity [29 ]. DN ( CD4−CD8−) 
regs influence the immune system by secreting perforin and 
nducing cell apoptosis through the FAS–FASL pathway [56 ]. Nu- 
erous studies have shown that perforin induces the death of 
idney cells and exacerbates kidney fibrosis [57 , 58 ]. Although 
here is a lack of direct evidence on the causal association of DN 

reg with MN and NS, we provide genetic evidence indicating 
hat DN Treg is a risk factor for both diseases. 

Despite its strengths, our studies also have some limitations.
irst, we used the standard P < 10−5 instead of P < 5 × 10−8 

hen immunophenotypes and NS were used as the exposure,
hich may introduce some bias and false positives. Additionally,
ur GWAS data were derived exclusively from European popula- 
ions, making the finding not generalizable to other populations.
herefore, in the future, with validation in larger populations 
nd additional SNP analysis, we can clarify the causal associ- 
tion of immunophenotypes on PGDs more clearly and identify 
hem as biomarkers in risk prediction, early detection, and pre- 
ention strategies in clinical settings. 

ONCLUSION 

n conclusion, our studies have uncovered causal relationships 
etween 731 immunophenotypes and PGDs. We present direct 
enetic evidence, highlighting the crucial roles of specific im- 
une cell phenotypes in the pathogenesis of PGDs. Notably, ef- 

ector memory T cells and monocyte markers such as CD40,
D64, and CX3CR1 play a significant part in IgAN. Nevertheless,
he precise mechanisms remain to be fully elucidated. Further 
xperimentation and genetic investigations are imperative to 
nderstand the intricacies of PGDs. Additionally, our research of- 
ers invaluable immunological insights for PGDs, paving the way 
or future early clinical diagnosis and treatment approaches. 
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