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Glaucoma is a leading cause of irreversible blindness worldwide, with its pathogenesis incompletely 
understood. Inflammation, as an important aspect of glaucoma, has attracted increasing attention. 
In this study, we performed a Mendelian randomization (MR) analysis to investigate the association 
between 91 circulating inflammatory proteins and glaucoma. First, a bidirectional MR was employed 
to screen for inflammatory proteins that potentially influence glaucoma risk, with the findings 
further confirmed by a replication sample MR. Then, a mediation analysis was employed to assess 
the mediating effects of glaucoma endophenotypes on glaucoma. Finally, we performed a subgroup 
MR to investigate the association between circulating proteins and glaucoma subtypes, including 
primary open-angle glaucoma (POAG) and primary angle-closure glaucoma (PACG). The bidirectional 
MR suggested 7 out of the 91 proteins were possibly related with glaucoma risk, with T-cell surface 
glycoprotein CD5 (CD5) (odds ratio (OR) = 0.87; 95% confidence interval (CI): 0.81–0.94; P = 2.46 × 10−4) 
passing false discovery rate correction. This result was verified by the replication sample MR. 
The mediation analysis revealed that intraocular pressure (IOP) (β=-0.05; 95% CI: −0.02-−0.09; 
P = 1.56 × 10−3) was a mediator of CD5’s protective effect on glaucoma. The subgroup MR indicated 
that CD5 conferred a protective causal effect specifically on POAG, not PACG. Moreover, IOP served 
as a mediator in the association between CD5 and POAG, explaining a proportion of 38.29% of CD5’s 
protective effect against POAG. Our findings suggest a negative causal association between circulating 
CD5 and POAG risk, which is partially mediated by IOP. This indicates that targeted CD5 therapy may 
be beneficial to POAG eyes.
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MR-PRESSO	� MR pleiotropy residual sum and outlier
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FE-IVW	� Fixed effects inverse variance weighting
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FGF-19	� Fibroblast growth factor 19
IL-1 alpha	� Interleukin-1 alpha
PD-L1	� Programmed cell death 1 ligand 1
FGF-23	� Fibroblast growth factor 23
LIF	� Leukemia inhibitory factor
TNF	� Tumor necrosis factor
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IL-10	� Interleukin-10

Glaucoma is a heterogeneous spectrum of ocular conditions characterized by optic nerve degeneration and 
progressive retinal ganglion cell loss due to multiple pathogenic factors1. At present, it stands as the foremost cause 
of irreversible blindness on a global scale, impacting nearly 95 million people worldwide, with approximately 
10 million suffering from blindness1. For long, elevated intraocular pressure (IOP) has been recognized as the 
primary risk factor for glaucoma, and lowering IOP (whether through medication or surgery) is currently the 
only valid intervention for glaucoma2. However, nearly half of glaucoma cases occur with a normal IOP, and 
lowering IOP cannot always effectively preserve patients’ visual function, suggesting that factors other than IOP 
may be involved in the pathogenesis of glaucoma1,3.

It is now increasingly recognized that the mechanisms underlying glaucomatous optic neuropathy involve 
not only the classical “mechanical” and “vascular” theories but also immunoregulatory biological processes 
such as inflammation4–6. For instance, previous studies showed that certain systemic inflammatory indices are 
elevated in patients with primary open-angle glaucoma (POAG) and primary angle-closure glaucoma (PACG) 
compared to healthy controls, suggesting a potential role of systemic inflammation in the pathogenesis of POAG 
and PACG7,8. However, establishing these causal relationships is challenging because these studies fall under 
cross-sectional research, which highlights the necessity for comprehensive assessments to better understand 
relationship between inflammation and this vision-threatening condition.

Mendelian randomization (MR) offers a cost-effective solution to this challenge. MR is a widely embraced 
approach in epidemiology that utilizes genetic variants as instrumental variables (IVs) to infer causal effects of 
specific exposures on health outcomes9. MR exploits the random allocation of genetic variants during meiosis, 
providing a “natural” randomized controlled trial to infer causality. Compared to traditional observational 
studies, MR studies are less susceptible to confounding factors and reverse causality, providing strong evidence 
for causal associations10.

In this study, we performed a comprehensive MR analysis to explore the potential causal association between 
91 circulating inflammatory proteins and glaucoma (including both POAG and PACG).

Methods
Study design
The procedural steps of this study are presented in Fig. 1. First of all, a bidirectional MR analysis was conducted to 
identify circulating inflammatory proteins which are genetically predicted related to glaucoma risk and to detect 
if any reverse causality exists. Subsequently, for proteins showing causal effects on glaucoma in bidirectional 
MR analysis, a replication sample MR analysis was used to further validate these detected causal effects. 
Following this, a two-step MR analysis was employed to assess whether glaucoma endophenotypes, including 
retinal nerve fiber layer (RNFL) thickness, IOP, and central corneal thickness (CCT) have mediated the causal 
relationships between circulating inflammatory proteins and glaucoma. Lastly, a subgroup MR analysis was 
executed to delve deeper into the causal relationships between circulating inflammatory proteins surviving the 
preceding MR analyses and glaucoma. The subgroup analysis also aimed to elucidate the influence of glaucoma 
endophenotypes on these relationships. Concurrently, the MR analyses adhered to three fundamental premises: 
(I) IVs are associated with the exposure; (II) IVs remain unaffected by confounders; (III) Exposure is the only 
mediator of IV-outcome associations11.

Data source
Summary data for circulating protein levels were obtained from the recently published genome-wide association 
studies (GWAS) dataset, encompassing up to 14,824 participants of European descent12. Details regarding this 
GWAS data can be found in Supplementary Table S1. Glaucoma summary data were derived from the 10th round 
FinnGen GWAS database (https://r10.finngen.fi/; GWAS ID: finngen_R10_H7_GLAUCOMA), comprising 
412,181 European participants13. For the replication MR analysis, glaucoma summary data were retrieved from 
the IEU OPEN GWAS project (https://gwas.mrcieu.ac.uk/; GWAS ID: ebi-a-GCST009722), involving 351,696 
European participants14. Additionally, summary data for glaucoma subtypes, namely POAG and PACG, were 
extracted from recent GWAS datasets (GWAS ID: GCST90011766 and GCST90043782), encompassing 216,257 
and 456,348 individuals of European descent, respectively15,16. Finally, GWAS summary data for glaucoma 
endophenotypes, including RNFL, IOP, and CCT, were obtained from different consortiums where there 
was no sample overlap with the exposures (circulating inflammatory proteins) and outcome (glaucoma), to 
ensure the reliability of the analysis17,18. Detailed information about GWAS summary datasets were shown in 
Supplementary Table S2.
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Instrumental variable selection
To ensure the credibility and accuracy of the results concerning the causal effects of circulating inflammatory 
proteins on glaucoma and its endophenotypes, a series of quality control methods were implemented to select 
suitable IVs for MR analyzes.

Single nucleotide polymorphisms (SNPs) adhering to the following criteria were chosen as IVs. First, SNPs 
should surpass the genome-wide significance thresholds of 5 × 10^−6 for circulating inflammatory proteins and 
5 × 10^−8  for glaucoma and its endophenotypes, so that these SNPs were significantly associated with these 
phenotypes19. Second, SNPs demonstrate no linkage disequilibrium (LD) (with a threshold of r^2 = 0.001 
and a clumping distance of 10000 KB). Third, SNPs possessing an F statistic ≥ 10 (where F = β_exposure^2/
SE_exposure^2) were included to ensure the absence of weak instrument bias20. Lastly, all palindromic SNPs 
were dropped and MR pleiotropy residual sum and outlier (MR-PRESSO) test was applied to detect horizontal 
pleiotropy and to eliminate the pleiotropy by removing outlier SNPs.

MR analyses
Several methodologies were employed in the MR analyses: random effects inverse variance weighting (RE-
IVW)/fixed effects inverse variance weighting (FE-IVW), weighted median (WM), and MR-Egger regression. In 
certain scenarios, the IVW method is renowned for its superior effectiveness when compared with the other two 
methods21. Thus, the IVW method served as the primary approach for the analyses, complemented by the WM 
and MR-Egger regression methods. For circulating inflammatory proteins, odds ratio (OR) and corresponding 
95% confidence interval (CI) were used to quantify the effect size on glaucoma (POAG and PACG). For 
glaucoma, β coefficients with 95% CI quantified the effects on circulating inflammatory protein levels. Moreover, 
in the mediation MR analysis, the effects sizes were expressed as β with 95% CI.

In addition, we performed a series of sensitivity analyses to assess the robustness of the observed causal 
relationships, including Steiger filtering, Cochran’s Q test, and MR-Egger intercept test. Steiger filtering was 
employed to verify the directionality of the causal associations22. Cochran’s Q test was used to assess heterogeneity, 
and the RE-IVW method and FE-IVW method was applied when P < 0.05 and P> 0.05, respectively23. 
Furthermore, potential horizontal pleiotropy was evaluated using MR-Egger intercept test24.

Fig. 1.  An overview of the study design. MR, mendelian randomization; IVW, inverse variance weighted; WM, 
weighted median; RNFL, retinal nerve fiber layer thickness; IOP, intraocular pressure; CCT, central corneal 
thickness; POAG, primary open-angle glaucoma; PACG, primary angle-closure glaucoma; IVs, instrumental 
variables.
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Statistics analysis
All MR analyses were performed using R statistical software (version 4.3.0) with the following packages: 
“TwoSampleMR” (version 0.5.6), “MendelianRandomization” (version 0.7.0), “MRPRESSO” (version 1.0), and 
“fdrtool” (version 1.2.17). False discovery rate (FDR) correction was used for multiple testing correction. Results 
with P value < 0.05 and q-value < 0.1 were considered statistically significant, whereas results with P value < 0.05 
but q-value ≥ 0.1 were considered suggestively significant25.

Results
Bidirectional MR analysis
A total of 1,558 IVs meeting the screening criteria were included, with all F-statistics surpassing 10 (range: 
20.84 to 3,549.83), suggesting no evidence for weak instrument bias. The details of these IVs are shown in 
Supplementary Table S3.

Causal effects of Circulating inflammatory proteins on Glaucoma
Among the 91 circulating inflammatory proteins, 7 were identified as causal exposures to glaucoma in the 
forward bidirectional MR (Fig. 2). Specifically, higher levels of 4 proteins were associated with a decreased risk 
of glaucoma, including T-cell surface glycoprotein CD5 (CD5) (OR = 0.87; 95% CI: 0.81–0.94; P = 2.46 × 10−4), 
fibroblast growth factor 19 (FGF-19) (OR = 0.93; 95% CI: 0.86–0.99; P = 4.84 × 10−2), interleukin-1 alpha (IL-1 
alpha) (OR = 0.90; 95% CI: 0.81–0.99; P = 2.89 × 10−2), and programmed cell death 1 ligand 1 (PD-L1) (OR = 0.90; 
95% CI: 0.82–0.99; P = 4.83 × 10−2). In contrast, higher levels of 3 proteins were associated with an increased risk 
of glaucoma, including fibroblast growth factor 23 (FGF-23) (OR = 1.17; 95% CI: 1.04–1.31; P = 7.60 × 10−3), 
leukemia inhibitory factor (LIF) (OR = 1.14; 95% CI: 1.04–1.25; P = 6.60 × 10−3), and tumor necrosis factor 
(TNF) (OR = 1.14; 95% CI: 1.02–1.27; P = 2.33 × 10−2).

Results of sensitivity analyses were shown in Supplementary Table S4. The Steiger filtering passed the 
causal direction of the levels of circulating inflammatory proteins on glaucoma. The Cochran’s Q test showed 
heterogeneity in IVs for IL-1 alpha, hence, RE-IVW was used. No pleiotropy was observed in MR-Egger intercept 
test.

Of note, among the 7 circulating inflammatory proteins, circulating CD5 remained significantly associated 
with glaucoma risk in the FDR correction (FE-IVW; q = 0.02). This suggested that of these 7 proteins, CD5 had 
the strongest association with glaucoma, whereas the other six were suggestively associated with glaucoma.

Fig. 2.  Results of the forward MR analysis. CD5, T-cell surface glycoprotein CD5; FGF-19, fibroblast growth 
factor 19; FGF-23, fibroblast growth factor 23; IL-1 alpha, interleukin-1 alpha; LIF, leukemia inhibitory factor; 
PD-L1, programmed cell death 1 ligand 1; TNF, tumor necrosis factor; N. IVs, the number of IVs; FE-IVW, 
fixed effects inverse variance weighted; RE-IVW, random effects inverse variance weighted; WM, weighted 
median.*: P < 0.05 but q > 0.1; **: P < 0.05 and q < 0.1.
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Causal effects of Glaucoma on Circulating inflammatory proteins
The reverse MR revealed no causal effect of glaucoma on the 7 circulating inflammatory proteins identified in 
the forward analysis (Fig. 3). In addition, no evidence of heterogeneity or horizontal pleiotropy was observed in 
the sensitivity analyses (Supplementary Table S5).

Replication sample MR analysis
For the 7 proteins that were significantly or suggestively associated with glaucoma in the bidirectional MR 
analysis, we conducted a replication sample MR analysis to further valid the suggestive causality. Totally, 86 IVs 
were included, and the F-statistics ranged from 20.87 to 198.14, indicating no evidence of weak instrument bias. 
The information of the included IVs was listed in Supplementary Table S6.

The results of the replication MR analysis, consistent with the forward MR, showed that CD5 maintained a 
significantly protective effect against glaucoma (OR = 0.87; 95% CI: 0.78–0.97; P = 6.72 × 10−3; q = 0.03) and the 6 
suggestive proteins had no significant causal effect on glaucoma (Fig. 4).

Results of sensitivity analyses were listed in Supplementary Table S7. The Steiger filtering verified the direction 
of causality from circulating inflammatory proteins to glaucoma. The Cochran’s Q test and MR-Egger intercept 
test confirmed the absence of heterogeneity and pleiotropy, respectively.

Glaucoma endophenotypes mediated the causal effects of Circulating CD5 on Glaucoma
According to above MR analyses, circulating CD5 was associated with a lower risk of glaucoma. To further 
investigate the potential mediating role of glaucoma endophenotypes in the association between CD5 and 
glaucoma, we conducted an additional two-step mediation MR analysis.

In the first step, 51 IVs were selected, with F-statistics ranging from 21.10 to 124.29 (Supplementary 
Table S8). It showed that circulating CD5 was causally negatively associated to IOP (β=−0.33; P = 6.93 × 10−4) 
(Supplementary Table S9). In addition, no heterogeneity and pleiotropy were observed (Supplementary Table 
S9). In the second step, a total of 39 IVs were selected, with F-statistics ranging between 29.90 and 256.63 
(Supplementary Table S10). It revealed that IOP (β = 0.16; P = 1.88 × 10−18) and CCT (β = 0.04; P = 5.34 × 10−3) 
were causally positively related to glaucoma risk. Mild heterogeneity was found in IVs for IOP, and CCT. No 
pleiotropy was observed in this step (Supplementary Table S11).

Fig. 3.  Results of the reverse MR analysis. CD5, T-cell surface glycoprotein CD5; FGF-19, fibroblast growth 
factor 19; FGF-23, fibroblast growth factor 23; IL-1 alpha, interleukin-1 alpha; LIF, leukemia inhibitory factor; 
PD-L1, programmed cell death 1 ligand 1; TNF, tumor necrosis factor; N. IVs, the number of IVs; FE-IVW, 
fixed effects inverse variance weighted; WM, weighted median.
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Taken together, IOP (β=−0.05; 95% CI: −0.02–−0.09; P = 1.56 × 10−3) acted as a mediator imposing significant 
mediation effects on circulating CD5 and glaucoma, with a proportion of 38.39% (95% CI: 14.61–62.17%) 
(Fig. 5).

Subgroup MR analysis
To delve deeper into the causal association between circulating CD5 and glaucoma subtypes (i.e., POAG and 
PACG), we performed a subgroup MR analysis. For causal effects of CD5 on POAG and PACG, a total of 34 IVs 
met the screening criteria, with F-statistics ranging from 20.10 to 124.29 (Supplementary Table S12). Results 
exhibited that genetically predicted circulating CD5 had a protective causal effect only on POAG (OR = 0.85; 
95% CI: 0.76–0.95; P = 3.50 × 10−3) (Fig.  6). No heterogeneity or pleiotropy was observed. Besides, Steiger 
filtering confirmed that the direction of the causal estimate was correctly orientated from CD5 to POAG and 
PACG (Supplementary Table S13).

To elucidate mediating role of glaucoma endophenotypes in the association between CD5 and POAG, we 
conducted a mediation MR analysis. 40 IVs were included, with F-statistics ranging between 29.90 and 256.63 
(Supplementary Table S14). The mediation MR analysis indicated that higher levels of circulating CD5 were 
significantly associated with decreased IOP risk (β=−0.33; P = 6.93 × 10−4) (Supplementary Table S9), and IOP 
(β = 0.19 P = 1.33 × 10−3) was a contributory factor to the risk of POAG (Supplementary Table S15). Thus, IOP 
(β=−0.06; P = 1.97 × 10−2) was confirmed as a significant mediator in mediating the causal effect of circulating 
CD5 on POAG, with a contribution proportion of 38.29% (95% CI: 6.10–70.48%) (Fig.  7). Additionally, no 
heterogeneity or pleiotropy was observed (Supplementary Table S15).

Discussion
This study, to our knowledge, is the first to systematically explore the potential causal relationship between 91 
circulating inflammatory proteins and glaucoma using MR. Among the 91 inflammatory proteins, we found that 
circulating CD5 was associated with a lower risk of POAG. This finding not only enhances our understanding of 
glaucoma pathogenesis but also suggested a potential therapeutic target for POAG.

Initially, we used bidirectional MR to screen for inflammatory proteins potentially influencing glaucoma. 
Among the 91 proteins analyzed, only CD5 passed the FDR correction, indicating its prominence. This finding 
was further confirmed through the replication sample MR with FDR correction, which revealed CD5 was the 
only protein causally linked to glaucoma. Subsequently, a mediation MR was conducted to explore the role of 
glaucoma endophenotypes in mediating the association between CD5 and glaucoma. Results highlighted that 
IOP served as a significant mediator of CD5’s effect on glaucoma. Additionally, considering POAG and PACG 
were distinct conditions, a subgroup MR analysis was performed. It indicated that CD5 conferred a protective 

Fig. 4.  Results of the replication MR analysis. CD5, T-cell surface glycoprotein CD5; FGF-19, fibroblast growth 
factor 19; FGF-23, fibroblast growth factor 23; IL-1 alpha, interleukin-1 alpha; LIF, leukemia inhibitory factor; 
PD-L1, programmed cell death 1 ligand 1; TNF, tumor necrosis factor; N. IVs, the number of IVs; FE-IVW, 
fixed effects inverse variance weighted; WM, weighted median. *: P < 0.05 but q > 0.1; **: P < 0.05 and q < 0.1.
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Fig. 7.  The mediating role of glaucoma endophenotypes in the relationship between circulating CD5 
and POAG. CD5, T-cell surface glycoprotein CD5; IOP, intraocular pressure; POAG, primary open-angle 
glaucoma. Total effect, the effect of CD5 on glaucoma; Mediation effect, the indirect effect of CD5 on POAG 
via endophenotypes.

 

Fig. 6.  Results of the subgroup MR analysis. POAG, primary open-angle glaucoma; PACG, primary angle-
closure glaucoma; CD5, T-cell surface glycoprotein CD5; N. IVs, the number of IVs; FE-IVW, fixed effects 
inverse variance weighted; WM, weighted median. *P < 0.05 and q < 0.1.

 

Fig. 5.  The mediating role of glaucoma endophenotypes in the relationship between circulating CD5 and 
glaucoma. CD5, T-cell surface glycoprotein CD5; IOP, intraocular pressure. Total effect, the effect of CD5 on 
glaucoma; Mediation effect, the indirect effect of CD5 on POAG via endophenotypes.
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causal effect specifically on POAG, not PACG. Moreover, IOP remained as a mediator in the association between 
CD5 and POAG, explaining about 38.3% of CD5’s protective effect against POAG.

CD5 is a macromolecular glycoprotein mainly distributed on the surface of T lymphocytes and B-1a 
lymphocytes26. As an important immune molecule, CD5 not only participates in the innate immune response 
but also regulates the specific immune response mediated by T and B lymphocytes27. Actually, CD5 is widely 
recognized as a negative regulator of T cell receptor (TCR) and B cell receptor (BCR) signaling, playing an 
important role in immune homeostasis28. Previous investigations have shown that upregulation CD5 on T 
or B cells can provide protection against autoimmunity, possibly due to a higher threshold for TCR- or BCR-
mediated activation upon antigen recognition28. In addition, it has been discovered that CD5 can activate the 
MAPK/Erk pathway, promoting the production of interleukin-10 (IL-10), an anti-inflammatory cytokine that 
plays a crucial role in regulating immune responses and suppressing inflammation29–31. Furthermore, IL-10 can 
promote the survival of retinal ganglion cells through the STAT-3 pathway, exerting a protective effect against 
glaucoma32. From this perspective, it makes sense that CD5 is a protective factor for POAG, as it is already well 
known that inflammation can promote glaucoma, although the underlying mechanisms have not been fully 
understood4. In a recent study, Okruszko et al. found that glaucoma patients have lower levels of serum CD5 
compared with healthy controls33. Their finding is, to some extent, consistent with our observation that lower 
levels of circulating CD5 may pose a higher risk of glaucoma, particularly POAG. However, Okruszko et al. did 
not subdivide their glaucoma patients into subgroups, so further research is needed to verify whether there are 
differences in circulating CD5 levels between POAG and PACG patients.

Notably, we found that higher circulating CD5 levels are associated with lower IOP, and that IOP mediates 
38.3% of the negative causal relationship between CD5 and POAG. On the one hand, this suggests that the 
protective effect of CD5 on POAG is, to a considerable extent, still achieved by optimizing the IOP, highlighting 
the importance of IOP-lowering treatment for POAG patients. On the other hand, it also indicates that the 
relationship between CD5 and POAG is complex and involves other pathways, which deserves further 
experimental research.

This study holds several strengths of note. First of all, the use of MR enabled this study to mimic the effect 
of a well-designed randomized controlled trial in a time- and labor-saving manner. Moreover, the combined 
application of bidirectional MR, mediation MR, and subgroup MR analyses enabled us to more accurately assess 
the causality involved. Last but not least, MR can effectively avoid interference of reverse causation, which is hard 
to achieve in observational studies.

Despite these merits, this study has some limitations. First, we did not group the glaucoma patients by sex, 
thus may have overlooked the effect of gender on the association between circulating inflammatory proteins and 
glaucoma. Second, although we have found the relationship between CD5 and POAG, the specific mechanism 
of CD5’s role in the pathogenesis of glaucoma still requires further research. Third, despite several rigorous 
measures taken, it is impossible to completely eliminate the potential impact of heterogeneity on this study.

Conclusions
In summary, we have provided strong genetic evidence that circulating CD5 exerts a protective causal effect on 
POAG. This may imply that targeted CD5 therapy could potentially offer therapeutic benefits to POAG patients. 
Furthermore, we also showed that the effect of circulating CD5 on POAG is partially mediated by IOP, indicating 
that IOP-lowering remains an important treatment option for POAG. Also, we look forward to future studies to 
further unveiling the mechanisms by which circulating CD5 influences the risk of POAG.

Data availability
Summary statistics used in current study are publicly available from the FinnGen GWAS database ​(​h​t​t​p​s​:​/​/​r​1​0​.​f​i​
n​n​g​e​n​.​f​i​/​)​, the IEU OPEN GWAS project (https://gwas.mrcieu.ac.uk/), and references 12 and 15-18.
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