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Multiple sclerosis is a complex autoimmune disease, and several therapies for multiple sclerosis have been devel-
oped and widely used. However, existing medications for multiple sclerosis were far from satisfactory due to their 
failure to suppress relapses and alleviate disease progression. Novel drug targets for multiple sclerosis prevention 
are still needed.
We performed Mendelian randomization to explore potential drug targets for multiple sclerosis using summary statistics 
from the International Multiple Sclerosis Genetics Consortium (nCase = 47 429, nControl = 68 374) and further replicated in UK 
Biobank (nCase = 1356, nControl = 395 209) and FinnGen cohorts (nCase = 1326, nControl = 359 815). Genetic instruments for 734 
plasma and 154 CSF proteins were obtained from recently published genome-wide association studies. The reverse caus-
ality detection using bidirectional Mendelian randomization analysis and Steiger filtering, Bayesian co-localization, and 
phenotype scanning that searched previously reported genetic variant–trait associations were implemented to consoli-
date the Mendelian randomization findings further. In addition, the protein–protein interaction network was performed 
to reveal potential associations among proteins and/or present multiple sclerosis medications.
At Bonferroni significance (P < 5.63 × 10−5), Mendelian randomization analysis revealed six protein–multiple sclerosis 
pairs. In plasma, per standard deviation increase in FCRL3, TYMP and AHSG had a protective effect. Odds ratios for the 
proteins above were 0.83 (95% CI, 0.79–0.89), 0.59 (95% CI, 0.48–0.71) and 0.88 (95% CI, 0.83–0.94), respectively. In CSF, 
per 10-fold increase in MMEL1 (OR, 5.03; 95% CI, 3.42–7.41) increased the risk of multiple sclerosis, while SLAMF7 (OR, 
0.42; 95% CI, 0.29–0.60) and CD5L (OR, 0.30; 95%CI, 0.18–0.52) decreased the risk. None of the six proteins had reverse caus-
ality. Bayesian co-localization suggested that FCRL3 [coloc.abf-posterior probability of hypothesis 4 (PPH4) = 0.889], TYMP 
(coloc.susie-PPH4 = 0.896), AHSG (coloc.abf-PPH4 = 0.957, coloc.susie-PPH4 = 0.973), MMEL1 (coloc.abf-PPH4 = 0.930) and 
SLAMF7 (coloc.abf-PPH4 = 0.947) shared the same variant with multiple sclerosis. FCRL3, TYMP and SLAMF7 interacted 
with target proteins of current multiple sclerosis medications. MMEL1 was replicated in both UK Biobank and FinnGen 
cohorts.
Our integrative analysis suggested that genetically determined levels of circulating FCRL3, TYMP, AHSG, CSF MMEL1 and 
SLAMF7 had causal effects on multiple sclerosis risk. These findings suggested those five proteins might be promising 
drug targets for multiple sclerosis and warrant further clinical investigation, especially FCRL3 and SLAMF7.
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Introduction
Multiple sclerosis (MS) is one of the most common chronic disabling 
neurological diseases that mainly affects young adults.1 Both the 
incidence and prevalence of MS are increasing worldwide. In 
most patients (∼85%), MS primarily manifests as recurrent attacks 
due to inflammation in the early stages (relapsing–remitting MS, 
RRMS) followed by progressive disability due to neurodegeneration 
(secondary progressive MS, SPMS).2 However, a minority of patients 
(10–15%) have a continuous non-relapsing progression from dis-
ease onset (primary progressive MS, PPMS). The pathological me-
chanisms of RRMS and progressive MS (PMS), including SPMS and 
PPMS, differ. Inflammation in RRMS is characterized by the influx 
of immune cells, while inflammation in PMS is chronic and com-
partmentalized behind a closed blood–brain barrier, with activation 
of microglia and continued involvement of T and B cells.3

Disease-modifying therapy is an integral part of MS manage-
ment, which can reduce relapse occurrence and slow progression 
to permanent disability in patients with MS. A total of nine classes 
of disease-modifying therapy treatments with distinct mechan-
isms have become available, including interferons, glatiramer acet-
ate, teriflunomide, sphingosine-1-phosphate receptor modulators, 
fumarates, cladribine, natalizumab, alemtuzumab and B-cell- 
depleting treatments (ocrelizumab and ofatumumab).4 However, 
most of these medications target the inflammatory component of 
the disease and mainly affect RRMS,5 while treatment of PMS re-
mains unsatisfactory.

Human proteins play critical roles in a range of biological pro-
cesses and are the predominant type of drug target.6 Nelson et al.7

demonstrated that a protein drug target whose link with the dis-
ease is supported by genetic association is twice as likely to reach 
market approval. Recently, Mendelian randomization (MR) analysis 
has been widely used for drug target development and drug repur-
posing.8 MR is a genetic instrumental variable analysis that usually 
utilizes single nucleotide polymorphisms (SNPs) from genome- 
wide association studies (GWAS) as genetic instruments to esti-
mate the causal effect of an exposure on an outcome. In contrast 
to observational studies, MR can avoid the influence of confoun-
ders. Owing to advances in high-throughput genomic and prote-
omic techniques in both plasma and CSF, MR-based strategies 
have promoted the identification of potential therapeutic targets 
for many diseases, such as stroke and Alzheimer’s disease.9,10

However, to date, few MR studies integrating GWAS and protein 
quantitative trait loci (pQTL) data on MS have been reported.

In this study, we aimed to identify both plasma and CSF proteins 
as potential therapeutic targets for MS. The study design is shown 
in Fig. 1. First, we used MR to identify potential causal plasma and 
CSF proteins for MS using GWAS data from the International 
Multiple Sclerosis Genetics Consortium (IMSGC),11 plasma pQTL 
data from Zheng’s study,6 and CSF pQTL data from Yang’s study.12

Second, the primary findings were further validated using reverse 

causality detection, Bayesian co-localization analysis and pheno-
type scanning. Third, we mapped the interaction network among 
the identified proteins, between the proteins based on plasma 
and CSF, and between the identified proteins and the targets of cur-
rent MS medications. Finally, using the GWAS data from the UK 
Biobank13 and FinnGen14 cohorts and plasma pQTL data from two 
newly published studies,15,16 we replicated the analysis as an exter-
nal validation to strengthen our conclusion.

Materials and methods
CSF and plasma protein quantitative trait loci

CSF pQTL data were obtained from a study by Yang et al.,12 who re-
ported 274 pQTLs of 184 CSF proteins. Only pQTLs satisfying the fol-
lowing criteria were included: (i) showed genome-wide significant 
association (P < 5 × 10−8); (ii) were located outside the major histo-
compatibility complex (MHC) region (chr6, 26–34 Mb); (iii) showed 
independent association [linkage disequilibrium (LD) clumping r2  

< 0.001]; and (iv) was a cis-acting pQTL. Finally, 154 cis-pQTLs 
were identified for 154 proteins.

For the primary analysis, the plasma pQTL data were retrieved 
from the study by Zheng et al.,6 which integrated five previously 
published GWAS.17–21 Based on the screening criteria used above 
in the CSF pQTL dataset, 738 cis-acting SNPs for 734 proteins were 
included. Data were checked using the original documents as a 

Figure 1 Study design for identification of plasma and CSF proteins 
causally associated with MS. 
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reference to ensure reliability. In addition, the plasma pQTL data re-
trieved from two recently published studies by Pietzner et al.15 (4775 
plasma proteins measured in 10 708 participants) and Ferkingstad 
et al.16 (4907 plasma proteins measured in 35 559 participants) 
were used for external validation.

For any missing information in the QTL GWAS summary statis-
tics, such as effect allele frequency, we used the matched human 
genome build as a reference to complete the data (Supplementary 
Table 1).

GWAS summary statistics of multiple sclerosis

For the primary analysis, summary statistics were retrieved from 
the largest GWAS dataset of IMSGC,11 including 115 803 individuals 
(nCase = 47 429, nControl = 68 374) of European ancestry. For external 
validation, summary statistics were obtained from the UK 
Biobank (until 2017, nCase = 1356, nControl = 395 209)13 and the 
FinnGen study (nCase = 1326, nControl = 359 815, R6 release).14

Statistical analysis

Mendelian randomization analysis

In this study, we used the plasma and CSF proteins as the exposure 
and MS as the outcome to perform MR with ‘TwoSampleMR’ 
(https://github.com/MRCIEU/TwoSampleMR). The Wald ratio was 
used if only one pQTL was available for a given protein. When 
two or more genetic instruments were available, inverse variance 
weighted MR (MR-IVW) was applied and followed by heterogeneity 
analysis.22 Odds ratios (OR) for increased risk of MS were expressed 
as per standard deviation (SD) increase in plasma protein levels and 
per 10-fold increase in CSF protein levels.

For the primary analysis, Bonferroni correction was used to ad-
just for multiple testing, and a threshold P-value of 0.05/888 (P <  
5.63 × 10−5) was used to prioritize the results for further analysis. 
MR was performed only on the preliminarily identified proteins 
for external validation and was set at a P-value threshold of 0.05. 
We implemented a same-variant strategy that used the same SNP 
used in the primary analysis as genetic instruments and a 
significant-variant strategy that used genome-wide significant 
SNP as a genetic instrument to validate preliminary findings.

Reverse causality detection

Following the same screening criteria for pQTLs, 134 genetic instru-
ments for MS were selected from the GWAS of IMSGC11 for bidirec-
tional MR analysis to detect potential reverse causality 
(Supplementary Table 2).23 Complete summary statistics for pro-
teins were obtained from three previous studies.12,16,18 The effect 
was estimated using MR-IVW, MR-Egger, weighted median, simple 
mode and weighted mode. We also conducted Steiger filtering to 
ensure the directionality of the association between proteins and 
MS.24 The results were considered statistically significant at P <  
0.05.

Bayesian co-localization analysis

Bayesian co-localization analyses were used to assess the probabil-
ity that two traits share the same causal variant using the ‘coloc’ 
package (https://github.com/chr1swallace/coloc) with default argu-
ments. As described previously,21 Bayesian co-localization pro-
vides the posterior probability for five hypotheses on whether a 
single variant is shared between two traits. In this study, we tested 
the posterior probability of hypothesis 3 (PPH3), in which both the 

protein and MS were associated with the region by different var-
iants, and hypothesis 4 (PPH4), in which both the protein and MS 
were associated with the region by shared variants. Both the colo-
c.abf and coloc.susie algorithms were used, and we defined a 
gene as having evidence of co-localization based on gene-based 
PPH4 > 80%, determined by at least one algorithm.22,25

Phenotype scanning

We also performed phenotype scanning that searched 
previous GWAS to reveal associations of identified pQTLs with 
other traits. Phenotype scanning was conducted via both ‘phe-
noscanner’26 and looking up in the study of Ferkingstad et al.16

a plasma proteome GWAS. An SNP was considered pleiotropic 
when satisfying the following criteria: (i) the association was 
genome-wide significant (P < 5 × 10−8); (ii) the GWAS was con-
ducted in a population of European ancestry; and (iii) the SNPs 
were associated with any known risk factors of MS, including 
metabolic traits, proteins or clinical traits. Besides, we calculated 
the LD r2 among pQTLs of prioritized proteins to reveal potential 
linkage.

Comparison analysis and protein–protein interaction 
network

We hypothesized that there would be little correlation between 
plasma- and CSF-identified pQTLs because of the blood–brain 
barrier. Therefore, the correlation between the shared pQTLs 
identified in the CSF and plasma using effect estimates from 
the MR analysis was investigated by Spearman correlation ana-
lysis, and the different P-value thresholds were set to explore 
whether the correlation changed as the significance level 
increased.

The protein–protein interaction (PPI) network of proteins sug-
gestively associated with MS risk (primary MR analysis P < 0.05) in 
CSF or plasma analysis was explored. We aimed to investigate the 
interactions among the prioritized proteins and whether the pro-
teins identified using plasma data could interact with those identi-
fied using CSF data. In addition, to explore the interactions between 
those MS-associated genes and the targets for medications already 
on the market, we obtained 13 disease-modifying drugs for MS from 
a recent review4 and corresponding drug targets based on the 
Drugbank database (https://www.drugbank.ca).27 We also searched 
current medications targeting the identified potential causal pro-
teins. All PPI analyses were conducted using the Search Tool for 
the Retrieval of Interacting Genes (STRING) database version 11.5 
(https://string-db.org/), with the minimum required interaction 
score at 0.4.28 In addition, we conducted MR by Wald ratio method 
and Bayesian co-localization by coloc.abf algorithm with prioritized 
proteins as both exposure and outcome. We regarded a P-value of 
MR smaller than 0.05 as a potential interaction and PPH4 >0.8 as po-
tential co-localization.

Data availability

Genome-wide summary-level statistics for cis-pQTL were available 
from the original studies.12,15–21 GWAS summary statistics of the 
IMSGC were obtained from https://gwas.mrcieu.ac.uk/datasets/. 
GWAS summary statistics of the UK Biobank conducted by Zhou 
et al.29 were obtained from https://www.leelabsg.org/resources. 
Access to FinnGen (R6 release) can be obtained from https://www. 
finngen.fi/en/access_results.
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Results
Screening the proteome for multiple sclerosis causal 
proteins

At Bonferroni significance (P < 5.63 × 10−5), MR analysis revealed six 
protein–MS pairs (Table 1 and Fig. 2A and B), including Fc receptor- 
like protein 3 (FCRL3), thymidine phosphorylase (TYMP) and 
alpha-2-HS-glycoprotein (AHSG) in the plasma, and membrane 
metallo-endopeptidase-like 1 (MMEL1), signalling lymphocytic ac-
tivation molecule F7 (SLAMF7) and CD5 antigen-like (CD5L) in the 
CSF. Specifically, increased FCRL3 (OR = 0.83; 95% CI, 0.79–0.89; P =  
8.93 × 10−9), TYMP (OR = 0.59; 95% CI, 0.48–0.71; P = 5.43 × 10−8), 
AHSG (OR = 0.88; 95% CI, 0.83–0.94; P = 2.91 × 10−5), SLAMF7 (OR =  
0.42; 95% CI, 0.29–0.60; P = 3.28 × 10−6) and CD5L (OR = 0.30; 95% CI, 
0.18–0.52; P = 1.52 × 10−5) decreased the risk of MS, whereas ele-
vated MMEL1 (OR = 5.03; 95% CI, 3.42–7.41; P = 2.80 × 10−16) in-
creased the risk of MS. No heterogeneity was detected for the 
proteins analysed in the primary analysis (Supplementary Table 3).

Sensitivity analysis for multiple sclerosis causal 
proteins

Five of the six proteins revealed by the MR analysis were identified 
as potential drug targets for MS, including FCRL3, TYMP, AHSG, 
MMEL1 and SLAMF7. First, bidirectional MR analysis did not reveal 
any causal effect of MS on the level of six identified proteins 
and Steiger filtering further ensured directionality (Table 2 and 
Supplementary Fig. 1). Second, Bayesian co-localization strongly sug-
gested that FCRL3 (coloc.abf-PPH4 = 0.889), TYMP (coloc.susie-PPH4 = 
0.896), AHSG (coloc.abf-PPH4 = 0.957, coloc.susie-PPH4 = 0.973), 
MMEL1 (coloc.abf-PPH4 = 0.930) and SLAMF7 (coloc.abf-PPH4 = 0.947) 
shared the same variant with MS (Table 2 and Supplementary Fig. 2). 
Finally, after phenotype scanning, FCRL3 (rs7528684) was found to 
be associated with type 1 diabetes, Fc receptor-like protein 4 
(FCRL4), immunoglobulin superfamily member 11 (IGSF11) and killer 
cell immunoglobulin-like receptor 3DL3 (KIR3DL3); TYMP (rs131798) 
was found to be associated with blood cell traits and pyrimidine me-
tabolism, such as mean corpuscular haemoglobin, mean corpuscular 
volume, uridine and 2-deoxyuridine; AHSG (rs35094235) was found to 
be associated with activated partial thromboplastin time (APTT); 
MMEL1 (rs10909839) was found to be a susceptibility gene for primary 
sclerosing cholangitis and indirectly influenced MS, rheumatoid 
arthritis and coeliac disease; and CD5L was found to be associated 
with Fc receptor-like protein 1 (FCRL1). In contrast, no significant as-
sociation was observed for SLAMF7 (Table 2 and Supplementary 
Table 4). Meanwhile, FCRL3 and CD5L pQTLs showed a suggestive 
correlation (LD r2 = 0.65, Supplementary Table 5).

Comparison of analysed proteins in plasma and CSF

At the protein level, there was a non-significant negative correl-
ation between the CSF and plasma MR results (Spearman correl-
ation coefficient = −0.037, number of proteins = 66, no P-value 
threshold). Meanwhile, when restricting the number of proteins in-
cluded in the analysis with different P-value thresholds, a negative 
correlation was still present and remained insignificant 
(Supplementary Fig. 3). Further PPI network analysis via text min-
ing and coexpression suggested that plasma-based AHSG and 
CSF-based CD5L might be connected (Supplementary Fig. 4). 
Protein–protein MR also revealed that increasing levels of plasma 
FCRL3 led to increased CSF CD5L (β = 6.883, P = 1.140 × 10−66), where-
as higher CSF CD5L inversely reduced plasma FCRL3 (β = −0.106, 

P = 1.296 × 10−7) (Supplementary Fig. 5). However, protein–protein 
co-localization did not support plasma–CSF proteins association 
(Supplementary Fig. 6).

Association of potential drug targets with current 
multiple sclerosis medications

The PPI network revealed interactions between three prioritized 
proteins (FCRL3, TYMP and SLAMF7) and the targets of four current 
MS medications. Using STRING, MS4A1–FCRL3 and PNP–TYMP were 
determined to have the most reliable interactions (known interac-
tions). Specifically, FCRL3 was associated with the B-lymphocyte 
antigen CD20 (MS4A1), the target of ocrelizumab and ofatumumab. 
STRING also revealed that FCRL3 and MS4A1 interacted physically, 
suggesting that the two proteins are in close proximity but not ne-
cessarily in direct contact. TYMP is associated with two targets of 
cladribine, purine-nucleoside phosphorylase (PNP) and ribonucleo-
tide reductase regulatory TP53 inducible subunit M2B (RRM2B). 
Interestingly, PNP and TYMP were enriched in pyrimidine metabol-
ism. SLAMF7 is associated with the target of alemtuzumab, 
CAMPATH-1 antigen (CD52) (Fig. 3, Supplementary Table 6 and 
Supplementary Fig. 4). We also searched for current medications 
targeting identified potential causal proteins in the Drugbank data-
base. Two medications that might modify the disease were identi-
fied: floxuridine (an inducer of TYMP) and elotuzumab (a modulator 
of SLAMF7) (Supplementary Table 7).

External validation of potential drug targets for 
multiple sclerosis

Using the same-variant and significant-variant strategies in differ-
ent datasets to replicate the primary findings, MMEL1 was also 
found to be associated with MS in both the UK Biobank and 
FinnGen cohorts, whereas FCRL3 was associated with MS only in 
the UK Biobank. For example, using a genome-wide significant vari-
ant reported by Ferkingstad et al.16 as a genetic instrument, increas-
ing FCRL3 increased the risk of MS (OR = 0.85; 95% CI, 0.74–0.97; P =  
0.017). In addition, AHSG showed a marginally significant causal ef-
fect on MS in the UK Biobank (Fig. 4 and Supplementary Table 8).

Discussion
To the best of our knowledge, this is the first study to combine plas-
ma and CSF proteomic data to explore casual proteins for MS using 
two-sample MR and Bayesian co-localization. Finally, we identified 
five proteins as potential drug targets for MS, including circulating 
FCRL3, TYMP, AHSG, CSF MMEL1 and SLAMF7. Among these pro-
teins, MMEL1 was also found to be associated with MS using a simi-
lar approach to analysis in both the UK Biobank and FinnGen 
cohorts, further suggesting the reliability of the potential drug tar-
gets identified in this study.

The human proteome is a major therapeutic target. Therefore, 
to find the novel drug targets for MS, we employed an integrative 
analysis that combined MR with co-localization to assess causal 
proteins for MS as a clinical translation of previous GWAS find-
ings.30 A ‘causality’ identified by MR might be reverse causality, 
horizontal pleiotropy or genetic confounding due to LD.6 Hence, bi-
directional MR was conducted in the study and no proteins identi-
fied by the primary MR analysis showed reverse causality, which 
was further supported by Steiger filtering.31 To limit the bias from 
horizontal pleiotropy, we only used cis-pQTLs as the instruments, 
given their direct role in the transcription and/or translation of 
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related genes.32 In addition, Bayesian co-localization was also used 
to exclude the bias introduced by LD. With 0.8 as the critical thresh-
old for posterior probability, five proteins identified by MR (FCRL3, 
TYMP, AHSG, MMEL1 and SLAMF7) were likely to share the same 
variant of MS.33 Four of the five identified proteins (FCRL3, TYMP, 
AHSG and MMEL1) were found to be associated with other traits 
via phenotype scanning, but none of the associations could fully-
explain the relationship between identified proteins and MS. For ex-
ample, we investigated the role of FCRL4 (Fig. 2 and Supplementary 
Table 1), which was associated with FCRL3-related SNP (rs7528684), 
but did not find a significant effect. It was also found that IGSF11 
and KIR3DL3 are associated with rs7528684 but in a trans-acting 
manner similar to FCRL4, rendering them less likely to bias the 
FCRL3–MS association. Phenoscanner also revealed associations be-
tween SNP and several autoimmune diseases, while co-occurrence 
of MS and type 1 diabetes,34 primary sclerosing cholangitis35 and 
rheumatoid arthritis36 has been reported previously, suggesting 
a common aetiology of the aforementioned diseases. However, 
we cannot fully exclude the possibility that APTT might bias the 
AHSG–MS relationship, as statistically higher APTT levels were re-
ported in patients with MS compared with those in the control 
group.37 Therefore, FCRL3, TYMP, AHSG, MMEL1 and SLAMF7 might 

be potential drug targets for MS, but the role of AHSG should be care-
fully interpreted.

Despite the development of new therapies in recent years, cur-
rent therapeutic options for PMS remain comparatively disappoint-
ing and challenging.38 Considering the pathogenesis of PMS, which 
is characterized by chronic inflammation compartmentalized be-
hind a closed blood–brain barrier,3 we explored the causal proteins 
for MS not only in the plasma but also in the CSF and compared 
their effects thereafter. Notably, in our study, the identified pro-
teins in the plasma and CSF were different, and no correlation of 
these proteins was found between the plasma and CSF. We also in-
vestigated the bidirectional causal relationship among the five 
prioritized proteins and failed to identify any significant associa-
tions. The effect of the blood–brain barrier might explain the ab-
sence of a correlation. Although the evidence is still preliminary, 
these results suggest that both the CSF and plasma might be worth-
while avenues for detecting proteins associated with MS and that 
the proteins identified in the CSF might be promising drug targets 
for PMS.

Among the five proteins identified in this study, three (FCRL3, 
TYMP and MMEL1) have been previously implicated in a recent 
summary-data–based MR study by Jacob et al.39 Unlike our study, 

Table 1 MR results for plasma and CSF proteins significantly associated with MS after Bonferroni correction

Tissue Protein UniProt ID SNPa Effect allele OR (95% CI)b P value PVE F statistics Reference

Plasma FCRL3 Q96P31 rs7528684 G 0.83 (0.79, 0.89) 8.93 × 10−9 13.34% 508.28 Sun et al.18

Plasma TYMP P19971 rs131798 G 0.59 (0.48, 0.71) 5.43 × 10−8 1.42% 46.24 Emilsson et al.20

Plasma AHSG P02765 rs35094235 G 0.88 (0.83, 0.94) 2.91 × 10−5 15.40% 601.12 Sun et al.18

CSF MMEL1 Q495T6 rs10909839 G 5.03 (3.42, 7.41) 2.80 × 10−16 29.27% 345.53 Yang et al.12

CSF SLAMF7 Q9NQ25 rs3766374 G 0.42 (0.29, 0.60) 3.28 × 10−6 16.21% 161.51 Yang et al.12

CSF CD5L O43866 rs6427401 G 0.30 (0.18, 0.52) 1.52 × 10−5 3.66% 31.71 Yang et al.12

PVE = proportion of variance explained. 
aAll SNPs used were cis-acting. 
bOdds ratios for increased risk of MS were expressed as per SD increase in plasma protein levels and per 10-fold increase in CSF protein levels.

Figure 2 MR results for plasma and CSF proteins and the risk of MS.  Volcano plots of the MR results for (A) 734 plasma and (B) 154 CSF proteins on the 
risk of MS. A and B show MR analysis with Wald ratio or inverse variance weighted method on plasma and CSF proteins on the risk of MS, respectively. 
OR for increased risk of MS were expressed as per SD increase in plasma protein levels and per 10-fold increase in CSF protein levels. Dashed horizontal 
black line corresponded to P = 5.63 × 10−5 (0.05/888). ln = natural logarithm; PVE = proportion of variance explained.
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which used the pQTL in the plasma and CSF, this study used the 
blood expression and methylation QTL. Owing to the importance 
of protein drug targets for the success of market approval,6,7 our 
study is a key addition to the research by Jacobs et al.39

Human FCRL3 is a transmembrane glycoprotein encoded by 
FCRL3.40 As a member of the immunoglobulin receptor superfamily, 
FCRL3 was preferentially expressed by B lymphocytes and had dual 
signalling capacity in B cells.40,41 Consistent with our results, previous 
genetic studies have reported that the high producer variant of the 
FCRL3 gene protected against MS in Spanish and Chinese popula-
tions.42,43 Besides, we found a suggestive linkage between the pQTLs 
of FCRL3 (rs7528684) and CD5L (rs6427401) (LD r2 = 0.65). Given the fail-
ure of co-localization of CD5L and the significant association of FCRL3 
and CD5L revealed by protein–protein MR, we speculated that the ef-
fect of CD5L in CSF might be a proxy of FCRL3’s effect. In other words, 
FCRL3 might be the only potential target that acts in both plasma and 
CSF. In addition, our PPI analysis showed that FCRL3 interacted with 
MS4A1, the treatment target for ocrelizumab and ofatumumab, two 
newly licensed medications for PPMS and RMS, respectively. 
Therefore, FCRL3 may be a promising new druggable target for both 
RMS and PMS. We also noticed that pQTLs for FCRL3 and CD5L were 

also reported to be associated with FCRL4 and FCRL1, which might 
suggest FCRL family proteins might play a crucial role in the patho-
genesis of MS and deserve further study. MMEL1 is a member of the 
M13 family of metalloendopeptidases that contribute to neuropeptide 
degradation. Similar to our results, a previous GWAS study suggested 
that MMEL1 is a susceptibility gene for MS.44 Although we did not find 
that MMEL1 interacted with the target for current MS medications by 
PPI analysis, it was the only biomarker that was externally validated in 
both the UK Biobank and FinnGen cohorts in this study. Because 
MMEL1 is highly expressed in the CNS,44 we hypothesized that it 
might become a drug target for PMS.

AHSG, TYMP and SLAMF7 were protective proteins against MS 
in our study. AHSG, also known as fetuin-A, is a multifunctional 
glycoprotein that plays a role in the secretion levels of some inflam-
matory cytokines and exosomes.45 The relationship between circu-
lating AHSG levels and MS risk remains uncertain, as previous 
studies on CSF biomarkers have reported conflicting direction of ef-
fects.46–48 Although the different expression patterns of AHSG due 
to tissue specificity might account for this discrepancy, AHSG was 
the only protein that was validated by both co-localization meth-
ods, indicating a higher probability of AHSG being a causal protein 

Table 2 Summary of reverse causality detection, Bayesian co-localization analysis and phenotype scanning on six potential causal 
proteins

Tissue Protein UniProt 
ID

SNP Bidirectional MR 
(MR-IVW)a

Steiger filtering Co-localization PPH4 
(coloc.abf/coloc.susie)

Previously reported 
associations

Plasma FCRL3 Q96P31 rs7528684 0.946 (0.860, 1.041) Passed (1.637 × 10−95) 0.889/2.14 × 10−2 T1DMb,c, FCRL4c, 
IGSF11c, KIR3DL3c

Plasma TYMP P19971 rs131798 1.007 (0.989, 1.026) Passed (6.638 × 10−9) 0.719/0.896 Blood cellsb,c, 
pyrimidine 
metabolismc

Plasma AHSG P02765 rs35094235 0.976 (0.929, 1.026) Passed (4.925 × 10−115) 0.957/0.973 APTTc

CSF MMEL1 Q495T6 rs10909839 0.970 (0.934, 1.008) Passed (1.917 × 10−7) 0.930/8.57 × 10−6 MSc, PSCc, RAc

CSF SLAMF7 Q9NQ25 rs3766374 1.011 (0.984, 1.039) Passed (7.540 × 10−63) 0.947/9.22 × 10−3 N/A
CSF CD5L O43866 rs6427401 1.021 (0.992, 1.052) Passed (1.401 × 10−32) 0.634/2.19 × 10−4 FCRL1b

APTT = activated partial thromboplastin time; MR-IVW = Mendelian randomization with inverse variance weighted method; N/A = not available; PP = posterior probability; PSC  

= primary sclerosing cholangitis; RA = rheumatoid arthritis; T1DM = type 1 diabetes. 
aOdds ratios per SD increase in plasma protein levels and per 10-fold increase in CSF protein levels as MS risk increased. 
bSNP associated with traits directly. 
cSNP associated with traits mediated by its proxy.

Figure 3 Interaction between current MS medications targets and identified potential drug targets.
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for MS. Future studies are warranted to clarify the directionality of 
these associations. TYMP is a thymidine phosphorylase that cata-
lyses the reversible phosphorolysis of thymidine. TYMP interacts 
with PNP and RRM2B, the targets of cladribine, suggesting that 
TYMP might act by inhibiting DNA synthesis and repair, mainly 
in lymphocytes, to influence MS.49,50 Notably, TYMP is also an 
astrocyte-derived blood–brain barrier permeability modulator 
that interacts with VEGFA, another blood–brain barrier disruption 
inducer.51,52 Together, TYMP might be a potential therapeutic tar-
get for MS, and current floxuridine targeting might affect MS. 
SLAMF7 is a cell-surface receptor protein selectively expressed on 
natural killer cells leading to antibody-dependent cellular cytotox-
icity and direct natural killer cell activation.53 Consistent with our 
results, a recent genetic study also observed that the methylation 

of SLAMF7 was upregulated in B cells of patients with MS, suggest-
ing the association of SLAMF7 with MS.54 Different from the three 
identified MS targets in this study, the therapeutic agent targeting 
SLAMF7 has been well developed and evaluated in phase III clinical 
trials. Elotuzumab, a humanized IgG1 monoclonal antibody that 
binds to SLAMF7, has been approved for the treatment of re-
lapsed/refractory multiple myeloma. Based on our results, we hy-
pothesized that elotuzumab might have an effect on MS53 and 
future clinical studies should be conducted.

Limitations

Our study has several limitations. First, we tested the effect of pro-
teins from different studies, and measurement inconsistency 

Figure 4 External validation of the causal relationship between six potential causal proteins and MS MR analysis on the causal relationship of six po-
tential causal proteins on MS using data from (A) the UK Biobank and (B) the FinnGen cohort. OR for increased risk of MS were expressed as per SD 
increase in plasma protein levels and per 10-fold increase in CSF protein levels.
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across studies might have led to biased results. However, circulat-
ing protein data from the GWAS conducted by Sun et al.,18

Emilsson et al.,20 Pietzner et al.15 and Ferkingstad et al.16 were all 
aptamer-based. Second, all prioritized proteins had only one 
cis-acting SNP and lacked trans-pQTLs, limiting the application of 
analyses, including alternative MR algorithms, heterogeneity tests 
and pleiotropy tests. However, our investigation of the SNPs for 
the top findings showed that most SNPs were strong instruments 
with F statistics larger than 10, and the proportion of variance ex-
plained more than 10%, except for plasma TYMP and CSF CD5L. 
Besides, the effect allele frequency of CSF pQTLs was retrieved 
from matched human genome build, and the corresponding data 
for CD5L were close to 0.5 (Supplementary Table 1), rendering less 
reliability of its effect direction. Therefore, the roles of TYMP and 
CD5L should be carefully interpreted. Third, we performed our ana-
lysis on populations of European ancestry and it was difficult to 
generalize the results to other ancestries. However, we validated 
the causal role of FCRL3 in the UK Biobank and MMEL1 in both the 
UK and Finnish populations. More studies on non-European ances-
try are required to translate these findings into clinical applications 
further. Finally, although we found some interactions between the 
causal proteins and drug targets of current MS medications, the PPI 
analysis result was suggestive rather than conclusive.

Conclusions

In summary, our integrative analysis suggests that genetically de-
termined levels of circulating FCRL3, TYMP, AHSG, CSF MMEL1 
and SLAMF7 are causally associated with MS risk. The identified 
proteins may be appealing drug targets for MS, especially FCRL3 
and SLAMF7. Further studies are needed to explore the roles of 
these candidate proteins in MS.
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