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Abstract

Background: Cytokines have been implicated in the initiation of human complex diseases, and the
causality between cytokines and human phenotypes has not been systematically explored.

Methods: Bidirectional mendelian randomization (MR) and multivariate mendelian randomization
(MVMR) with Bayesian model averaging (MR-BMA) were performed to explore the causality of 41
cytokines and 83 human phenotypes.

Results: Inverse variance weighted (IVW) MR showed that MIG, SCGFb, SCF, and MIF had causal effects
on ovarian, colon, breast cancer, and their subtypes. Similarly, MCP1, TRAIL, and SCGFb had causal
effects on heart failure (HF), stroke and its subtypes, coronary heart disease (CHD), and myocardial
infarction (MI). About neurological diseases: MIP1b had positively causal effects on Alzheimer's disease
(AD) and Parkinson's disease (PD), and MIG increased the risk of AD. MR-BMA showed that MIP1b was
the top priority risk factor for AD and PD; MCP1 was the top risk factor for HF, stroke, and gout; SCF was
the top risk factor for ovarian cancer; PDGFbb and SCGFb were the top risk factor for ischemic stroke (IS)
(cardioembolic) and type 1 diabetes, respectively. The results of bidirectional MR showed endocrine
diseases and autoimmune diseases influenced the circulating levels of cytokines.

Conclusions: Our findings showed that cytokines have extensive causal effects on human complex
diseases. Chemokines (MCP1, MIP1b) and growth factors (PDGFbb, SCGFb, SCF) could be recommended
as valuable biomarkers of chronic diseases.

Introduction:

Cytokines are generally produced by stimulated cells, mainly immune cells [1]. As molecular messengers,
cytokines allow immune system cells to communicate with each other to produce coordination of target
antigens [2]. There have been many studies on proteomics and metabolomics in exploring human
complex diseases [3, 4], and a series of important results have been achieved, but few studies were
focused on cytokines, a special but vital human circulating substance. Exploring and discovering reliable
and effective biomarkers from cytokines can bring tremendous benefits to public health practice.

Researchers concerned about this matter have successively reported the causality of cytokines to human
complex diseases, such as Marios K Georgakis et al reported the causal relationship of MCP1 and stroke
[5], a study of Shen Li et al on the causality of MCP1, MIP1b, IL13, and breast cancer [6]. However, these
studies are only for one category of disease, up to now, there is no systematic study to investigate the
bidirectional causality and prioritize true risk factors between cytokines and different categories of
chronic diseases. To understand the potential causal role of cytokines for human complex diseases, a
comprehensive analysis is needed.

The continuous development of MR methods has played a vital role in exploring the causality of
exposure and outcome. In this study, we used the bidirectional MR and MR-BMA developed by Zuber V et
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al [7] to jointly verify the causal effects of cytokines on human complex diseases. Screen the most
prioritized cytokines could provide a scientific basis for them as valuable biomarkers. We implemented
the most comprehensive cytokine genome-wide association study (GWAS), which evaluated 41 cytokines
in 8293 healthy subjects of Finnish ancestry [8], and summary-level data on 40 human complex diseases
and 43 risk factors that have been published by large GWAS from 36 consortiums.

The purpose of this study is to (1) evaluate the causal relationship between the circulating levels of
cytokines and the risk of human complex diseases; (2) MR-BMA was used to screen out the most
prioritized cytokines as biomarkers candidates; (3) evaluate the directionality and robustness evidence in
the estimated etiological association.

Materials And Methods:
GWAS summary data for cytokines and outcomes

For the cytokines, the summary-level statistics were taken from the largest and most comprehensive
GWAS for cytokines, which genotyped up to 8293 Finnish participants from three independent population
cohorts: the Cardiovascular Risk in Young Finns Study, FINRISK1997, and FINRISK200225 [8]. We
searched for GWAS and MR studies from PubMed to determine human complex diseases and risk
factors, and the descriptive characteristics of the 40 human complex diseases and 43 risk factors are
provided in Table S1.

Genetic instrumental variables

For each cytokine, the single nucleotide polymorphisms (SNPs) were filtered according to these criteria: (i)
a genome-wide threshold of significance (p< 5x10™8); (ii) linkage disequilibrium (LD) (R?<0.1, and <
10,000 kb physical distances) [5], which retaining SNPs with the lowest pvalue as an independent
instrument; (iii) find the corresponding SNPs related to cytokines in the GWAS database of the disease
(outcome). Additionally, we computed the proportion of variance explained (R?) for each pair of exposure
and outcome. F-statistics were applied to quantify the strength of the selected instruments. In general, the
F-statistic > 10 would be considered strong.

Bidirectional mendelian randomization

Causal estimates are presented per genetically predicted standard deviation (SD) of cytokines. In the
current study, we applied the IVW method in the linear MR model. This conventional linear regression for
each IV was weighted by inverse variance under a fixed-effect meta-analysis model. In the absence of
directional pleiotropy, it provides robust causal estimates [9]. Further, Weighted Median Estimator (WME)
and MR-Egger were used for alternative analyses. WME simultaneously assesses the robustness of
causal findings [10], this could consider as one of the sensitivity analysis when multiple genetic variants
were used as instrumental variables [11]. MR-Egger allows free estimation of the intercept, and a
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statistically significant intercept term implies the presence of unbalanced pleiotropy and causal
estimates in MR-Egger are less precise than those in IVW [12].

Multivariate mendelian randomization with Bayesian model
averaging (MR-BMA) estimates

MR-BMA regards risk factor selection as a variable selection problem in a linear regression model and
assumes that there are few real potential causal risk factors. This method: (I) considers all possible
combinations of cytokines and generates posterior probability (PP) for each specific model, (X) uses BMA
to calculate the marginal inclusion probability (MIP) of each cytokine, where MIP refers to the sum of PP
in all possible models with risk factors, (¥) will sort all cytokines according to the corresponding MIP to
calculate the model average causal estimate (MACE) for each cytokine. (IV) will prioritize the best model
according to the PP value of each model. More details are found in the article by Zuber V et al.[7], this
multivariate MR method has been successfully used to ranking the priority of metabolites (risk factors)
and age-related macular degeneration.

Finally, considering the number of tests in our research, a false-discovery rate (FDR) procedure was used
to adjust multiple testing [13]. The consistent and significant results (p< 0.05) in main sensitivity analysis
at least two different methods (meant consistent results under different assumptions) could also be
viewed as robust associations. p-value above the corrected significance threshold but <0.05 in at least
one method was also considered as suggestive evidence. All analyses were two-tailed and performed
using R software (Version 3.6.1) with packages ‘TwoSampleMR'.

Results:

Figure 1 shows our study design and framework of this research. According to our criteria, a total of 217
SNPs were used as instrumental variables for the 27 cytokines which are divided into three categories:
interleukin family, chemokines, and growth factors (supplement Table S1). For each pair of cytokines and
outcomes, F-statistics were greater than or equal to 33.49, which is considered as no weak instrumental
bias (supplement Table S6). The diseases (outcomes) included in the study (supplement Table S2) are
divided into five categories: cancer and its subtypes, cardiovascular diseases, neurological and mental
diseases, endocrine diseases, and autoimmune diseases.

Figure 2 shows IVW estimates of the causality between cytokines and human complex diseases. For
cancers and its subtypes, MIG and SCF increased the risk of endometrioid ovarian and ER + breast cancer
by 55% and 29% [ORs (95%Cls): 1.55 (1.05-2.30), 1.29 (1.06-1.57)], respectively. SCGFb was positively
associated with high grade serous ovarian cancer (OR =1.09, 95%Cl = 1.00-1.19) and malignant
neoplasm of colon (OR =1.49, 95%CIl = 1.01-2.19). However, MIF was negatively associated with low
grade serous ovarian and breast cancer (Oncoarray) [ORs (95%Cls): 0.51 (0.27-0.95), 0.84 (0.75-0.95)],
respectively. For cardiovascular diseases, MCP1 was positively associated with HF, stroke, ischemic
stroke (IS) (large arteries), and IS (small blood vessels), [ORs (95%Cls): 1.16 (1.02-1.32), 1.09 (1.03-
1.15),1.22,(1.07-1.39), 1.15, (1.05-1.30)], respectively. TRAIL increased the risk of CHD (OR = 1.03,
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95%Cl=1.01-1.06) and MI (OR =1.03, 95%CI = 1.00-1.06). However, SCGFb decreased the risk of CHD
(OR =0.94,95%Cl =0.90-0.99) and MI (OR =0.94, 95%CI = 0.89-1.00). For neurological and mental
diseases, MIG was positively associated with schizophrenia (OR=1.17,95%Cl=1.01-1.36) and AD (OR =
1.38,95%Cl =1.10-1.72). Similarly, MIP1b increased the risk of AD (OR=1.05,95%CI=1.01-1.09) and
PD (OR=1.06,95%Cl=1.02-1.10), but decreased the risk of depression (OR=0.95, 95%CI =0.92-0.98).
Additionally, the interleukin family include IL5, IL7, IL10, IL12p70 and IL13 increased the risk of anxiety
disorders by 39%, 16%, 18%, 16% and 12%, [ORs (95%Cls): 1.39 (1.10-1.75), 1.16 (1.05-1.28), 1.18
(1.06-1.31),1.16 (1.08-1.24), 1.12 (1.05-1.20)], respectively. And IL5, IL7, IL10 and IL13 decreased the
risk of CHD by 12%, 6%, 7% and 4%, [ORs (95%Cls): 0.88 (0.78-0.99), 0.94 (0.89-1.00), 0.96 (0.92-1.00)],
respectively.

Figure 3 shows the results of MR-BMA for selecting causal risk factors of human complex diseases from
a large number of candidate cytokines. It shows the top models (i.e.sets of cytokines) ranked according
to their model PR, and the top cytokines according to their MIP. In the interleukin family, IL2ra, IL13, IL16,
IL18, and IL17 were the top risk factor for multiple sclerosis (MS) (OR =1.27; PP = 0.13), anxiety disorders
(OR =1.12; PP =0.22), ER- breast cancer (iCOGS) (OR=1.11; PP =0.07), systemic lupus erythematosus
(SLE) (OR=1.17; PP =0.11), inflammatory bowel disease (IBD) (OR=1.17; PP = 0.14), respectively. In the
chemokines, MCP1 was the top risk factor for HF (OR =1.18; PP = 0.08), stroke (OR = 1.09; PP =0.16), and
gout (OR=1.16; PP =0.17). MIP1b was the top risk factor for AD (OR=1.05; PP =0.21), PD (OR=1.07; PP
=0.19), and rheumatoid arthritis (RA) (OR = 0.95; PP =0.17). MIG and Eotaxin were the top risk factor for
the IS (large artery) (OR=1.21; PP =0.12) and schizophrenia (OR = 0.94; PP = 0.31), respectively. For the
growth factors, PDGFbb was the top risk factor for IS (cardioembolic) (OR=1.16; PP =0.17) and type 2
diabetes (OR=0.91; PP =0.11). SCGFb was the top risk factor for malignant neoplasm of colon (OR =
1.49; PP =0.03) and type 1 diabetes (OR =1.12; PP =0.07), and SCF was the top risk factor for high grade
serous ovarian cancer (OR =1.13; PP =0.2), clear cell ovarian cancer (OR =1.29; PP =0.04), and
hypertensive diseases (OR = 1.07; PP = 0.08). More details about the results of MR-BMA can be found in
the supplement Table S4.

As is shown in Fig. 4, the bidirectional MR study was used to test whether human complex diseases
altered circulating cytokine levels. Most types of cancers were not associated with an increase or
decrease of circulating cytokine levels, only high-grade serous ovarian cancer had a suggestive
association with increased IL2ra (8= 0.112) and HGF (3= 0.088). However, endocrine diseases are
causally related to a wide range of cytokines, such as type 1 diabetes influenced the circulating levels of
IL16 (8=0.048), IP10(8=0.082), MIG (8=10.101), CTACK (B=-0.047), and gout increased the circulating
levels of IL5 (8= 0.145), MIF (8= 0.100). Autoimmune diseases include RA and SLE increased the
circulating levels of chemokines and growth factors. RA increased the circulating levels of IL5 (8= 0.074),
IL17 (B=0.069), MIG (B=0.105), MIP1b (8= 0.065), and SCGFb (3=0.061). SLE increased the circulating
levels of IP10 (B8=0.044), MIG (B=0.054), and bNGF (3= 0.037).

We also performed the above statistical test on the causal relationship between cytokines and risk
factors (anthropometric indicators, blood biochemistry, life behavior), which is found in the
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supplementary Table S3, S5, S7 and Figure S1-S4. IVW results showed that all of the IL8, IL7, MIG, MIPb,
Eotaxin, PDGFbb, and MIF have causal effects on more than four kinds of risk factors. For life behavior:
IL10, IL18, GROa, and IP10 were the top risk factor for age at menopause, cigarettes per day, cognitive
performance, systolic blood pressure. Eotaxin was the top risk factor for waist circumference and age of
smoking initiation. About blood biochemistry, IL18, IL10, IL17, MIG, MIP1b, CTACK, and TRAIL were the
top risk factor for Vitamin B12, Leptin, Lipoprotein A, Albumin, Urate, Apolipoprotein B, Omega-6 fatty
acids, respectively.

Discussion:

Our findings suggest that genetic predisposition to higher levels of the 24 cytokines (interleukin family:
IL2ra, IL5,IL7,1L10, IL12p70, IL13,1L16, IL18, IL17; chemokines: IP10, MCP1, MIG, MIP1b, CTACK, Eotaxin,
GROa; growth factors: bNGF, PDGFbb, SCGFb, VEGF, SCF, TNFb, TRAIL, and MIF) are associated with the
risk of 31 human complex diseases. The results were robust in the alternative MR methods WME (in the
supplement Figure S5). We also adopted MR-BMA to determine the top prioritized risk factors for every 31
diseases. Finally, we discovered a reverse causal relationship between certain diseases and the
circulating levels of cytokines. Collectively, our findings showed that most cytokines have extensive
causal effects on human complex diseases. Chemokines (MCP1, MIP1b) and growth factors (PDGFbb,
SCGFb, SCF) could be used as promising biomarkers of chronic diseases.

From IVW analysis, our results showed that chemokines have a widespread causal relationship with
cancers. MIG increased the risk of endometrioid ovarian cancer by 55%, which is consistent with animal
experiment results of Denarda Dangaj et al. [14]. SCF and SCGFb increased the risk of ER + breast and
high-grade serous ovarian cancer by 29% and 9%, respectively. Our literature search found no reports of
observational studies on the correlation between SCF or SCGFb and breast or ovarian cancer incidence.
SCF is the ligand of c-Kit, a member of the RTKs family, expression of the SCF/c-Kit axis is associated
with tumor cell migration [15]. Invasive migration of tumor cells is stimulated by receptor tyrosine kinases
(RTKs) and is regulated by growth factors [15]. SCF and SCGFb all belong to growth factors, the
possibility of becoming biomarkers of these two cytokines on breast and ovarian cancer may need more
evidence. However, MIF decreased the risk of breast cancer (oncoarray) and low-grade serous ovarian
cancer by 16% and 49%. MIF is an important regulator of innate immunity [16]. Cell injury results in MIF
release which then interacts with CD74. MIF-CD74 signaling activates pro-survival and proliferative
pathways that protect the host during injury [17], the protective effect of MIF may cause the risk of breast
and ovarian cancer to reduce. Besides, the biological functions of chemokines have been described in
multiple malignancies [18—22]. The biological mechanism of chemokines and cancers needs to be
confirmed by more biology experiments. For the extensive causality of cytokines and cardiovascular
disease. Our results are consistent with Marios K. Georgakis et al.[5], and both showed that MCP1 had
causal effects on stroke and its subtypes. In addition, we also found TRAIL and SCGFb had causal
effects on CHD [ORs, 95%Cls: (1.03, 1.01-1.06); (0.94, 0.90-0.99)] and MI [ORs, 95%Cls: (1.03, 1.00-1.06);
(0.94, 0.89-1.00)], respectively. TRAIL has been implicated as a pathogenic or protective factor in various

cardiovascular diseases [23, 24]. H Bjorkbacka et al. demonstrates that subjects with high levels of stem
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cell factors have a lower risk of cardiovascular events and death [25]. Therefore, reducing the TRAIL and
SCGFb circulation levels could beneficial to the cardiovascular system. For neurological and mental
diseases, MIG was positively associated with schizophrenia and AD. MIG was often regarded as a tumor
biomarker, such as MIG/CXCL9 has been identified as a candidate biomarker of adoptive T cell transfer
therapy in metastatic melanoma [26]. But our results show MIG was also significantly and positively
associated with schizophrenia and AD. IVW showed MIP1b increased the risk of AD (OR =1.05, 95%Cl =
1.01-1.09) and PD (OR =1.06, 95%CI = 1.02-1.10), but decreased the risk of depression (OR =0.95,
95%Cl=0.92-0.98).

MR-BMA can prioritize the risk of a group of risk factors with high genetic similarity [7]. Using this
method, we further prioritize the cytokines that have been screened in TSMR to find the cytokine which is
deserved the most attention. For the interleukin family, IL2ra, IL13, IL16, IL18, IL17 are just causally
related to only one disease. Therefore, the results of interleukins in this study are still not stable enough
compared to chemokines and growth factors. Previous studies have shown that MCP1 is a risk factor for
stroke and its subtypes [5, 27], the MR-BMA further confirmed that MCP1 is the top risk factor for stroke
and its subtypes. MCP1 may be a valuable biomarker and drug target for the treatment of stroke and its
subtypes. Using this MVMR method, the results were consistent with IVW both showed that MIP1b was
the causal and top risk factor for AD and PD. Previous studies such as John S. K. Kauwe et al. [28] found
MIP1b and AD may have an association because it could induce the gathering of astrocytes and
microglia in senile plaques. In a longitudinal study, MIP1b has been shown to predict their changes over
time in older people with PD [29]. MIP1b is involved in neurodegeneration by promoting central nervous
system (CNS) inflammation [30]. AD and PD have many similarities in pathology, and the role of
neuroinflammation in the occurrence and development of these two diseases is becoming more and
more important [31]. It is the first time that IVW and MR-BMA were jointly used to verify the causality of
MIP1b and AD and PD. These diseases are the top two in the incidence of neurodegenerative diseases
[32], MIP1b may become a new clinical drug target and a potential biomarker for AD and PD, and has
great application prospects. However, IP10, MCP1, MIG, RANTES, and Eotaxin, which are also
chemokines, were not among the top three risk factors for these two neurological diseases (the
supplementary S1 for details). About the causality between chemokine family and neurological diseases,
we are cautious here and look forward to more summary-level data sharing of GWAS studies on
cytokines, and could more confidently determine the causal effects of chemokines on neurological
diseases. In addition to the above, MR-BMA showed growth factors include PDGFbb was the top risk
factor for IS (cardioembolic); SCGFb was the top risk factor for malignant neoplasm of the colon and
type 1 diabetes; and SCF was the top risk factor for high grade serous ovarian cancer, clear cell ovarian
cancer, and hypertensive diseases.

Last but not least, we adopted a bidirectional MR analysis to evaluated whether there is a reverse causal
effect where disease status consequently altered circulating cytokine levels. Most types of cancer did not
alter circulating cytokine levels. However, endocrine diseases are causally related to a wide range of
cytokines, such as type 1 diabetes influenced circulating levels of IL16, IP10, MIG, CTACK. Autoimmune

diseases include RA and SLE increased circulating levels of chemokines (IP10, MIG, and MIP1b) and
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growth factors (bNGF, and SCGFb). These results suggest that cytokines may be a downstream
consequence of endocrine diseases and autoimmune diseases. Further analysis of the association of
upstream factors and other cytokines and inflammation on human complex diseases would provide more
evidence for the etiology.

Regarding cytokines for the treatment of human complex diseases for a long time, the current more
reliable cytokine therapy has been verified in melanoma and renal cell carcinoma. GWSA research has
shown its advantages in exploring the association of human signs and risk factors with diseases [33], but
true precision medicine hopes to find the molecular mechanism that is most concerned with human
complex diseases [34]. Therefore, our systematic and comprehensive causal evaluation confirms the
important role of cytokines in the development and progression of diseases.

Overall, our research has some advantages. First, we used the most comprehensive GWAS data set for
cytokines and human complex diseases. Second, according to the literature review, our group combined
the bidirectional MR methods and MR-BMA based on the Bayesian model framework to jointly explore the
most promising cytokines. From the cytokines with established causal effects to find the most
noteworthy of further research, this is very useful for reducing the failure rate of phase Il and phase Il
clinical trials. Third, this study also showed the reverse causality of the human complex diseases and
cytokines, suggest that cytokines may be a downstream consequence of endocrine diseases and
autoimmune diseases. Of course, our research also has some limitations. Though the MR method could
rule out confounding, it has trouble in dealing with horizontal pleiotropic effects, especially the common
gene regulation mechanism across cytokines. Another limitation is that the causal effects of cytokines
determined in this study are only statistically causality. Whether they can be transformed into clinical and
public health benefits requires more animal experiments and clinical trials to assess. Despite these
limitations, our research still provides an overview of relevant fields, and most of the results could be
explained by biological mechanisms. The role of cytokine levels in human complex diseases needs
further verification in causal inference studies with larger sample sizes.

Conclusion:

Collectively, our findings showed that most cytokines have extensive causal effects on human complex
diseases. Chemokines (MCP1, MIP1b) and growth factors (PDGFbb, SCGFb, SCF) could be used as
valuable biomarkers of chronic diseases.

Declarations

Acknowledgment: Thanks to the platform of the Integrative Epidemiology 302 Unit (IEU) project and all
consortiums including the UK Biobank, CARDIoGRAMplusC4D, [IBDGC, IGAR, PanScanT, ILCCO, CKDGen,
OCAC, BCAC, International Parkinson<U+2019>s Disease Genomics Consortium, International Multiple
Sclerosis Genetics Consortium, Schizophrenia Working Group of the Psychiatric Genomics Consortium,
Finn Biobank, and other original research including Ari V Ahola-Olli et al, Anna Kéttgen et al, Yukinori

Page 8/15



Okada et al, James Bentham et al, Katrina M de Lange et al, Silvia Bonas-Guarch et al, Carolina Roselli et
al, and Rainer Malik et al for providing summary-level data resources. Information about the consortium
on risk factors can be found in the supplementary Table S2.

Authors' contributions: Fuzhong Xue, Shucheng Si, and Kai Zhang have the conception. Shucheng Si did
the statistical analyses and Kai Zhang drafted the initial manuscript. All authors participated in the
interpretation of the results, edited and reviewed the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (N0.81773547)
and the National Key Research and Development Program (2020YFC2003500). The corresponding author
FX obtained the funding. The funders had no role in this work. Competing interests: The authors declare
that they have no competing interests.

Ethics approval and consent to participate: Our research only involved summary-level statistics so ethical
approval was not applicable but has been approved in the original research.

Availability of data and materials: Researchers may have access to this data from the original research
shown in the supplement material.

References

1. Cohen S, Bigazzi PE, Yoshida T. Commentary. Similarities of T cell function in cell-mediated
immunity and antibody production. Cell Immunol. 1974;12:150-9.

2. Baral B, Udit S, Chiu IM. Pain and immunity: implications for host defence. Nat Rev Immunol.
2019;19:433-47.

3. Huttlin EL, Bruckner RJ, Paulo JA, Cannon JR, Ting L, Baltier K, et al. Architecture of the human
interactome defines protein communities and disease networks. Nature. 2017;545:505-9.

4. Wishart DS. Emerging applications of metabolomics in drug discovery and precision medicine. Nat
Rev Drug Discov. 2016;15:473-84.

5. Georgakis MK, Gill D, Rannikmae K, Traylor M, Anderson CD, Lee J-M, et al. Genetically Determined
Levels of Circulating Cytokines and Risk of Stroke. Circulation. 2019;139:256—-68.

6.Li S, XuY, Zhang Y, Nie L, Ma Z, Ma L, et al. Mendelian randomization analyses of genetically
predicted circulating levels of cytokines with risk of breast cancer. NPJ Precis Oncol. 2020;4:25.

7. Zuber V, Colijn JM, Klaver C, Burgess S. Selecting likely causal risk factors from high-throughput
experiments using multivariable Mendelian randomization. Nat Commun. 2020;11:29.

8. Ahola-Olli AV, Wiirtz B, Havulinna AS, Aalto K, Pitkdnen N, Lehtimaki T, et al. Genome-wide Association
Study Identifies 27 Loci Influencing Concentrations of Circulating Cytokines and Growth Factors. Am
J Hum Genet. 2017;100:40-50.

9. Burgess S, Butterworth A, Thompson SG. Mendelian randomization analysis with multiple genetic
variants using summarized data. Genet Epidemiol. 2013;37:658-65.

Page 9/15


https://pubmed.ncbi.nlm.nih.gov/?sort=date&size=200&term=Bentham+J&cauthor_id=26502338

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Bowden J, Davey Smith G, Haycock PC, Burgess S. Consistent Estimation in Mendelian
Randomization with Some Invalid Instruments Using a Weighted Median Estimator. Genet Epidemiol.
2016;40:304-14.

Geng T, Smith CE, Li C, Huang T. Childhood BMI and Adult Type 2 Diabetes, Coronary Artery Diseases,
Chronic Kidney Disease, and Cardiometabolic Traits: A Mendelian Randomization Analysis. Diabetes
Care. 2018;41:1089-96.

Bowden J, Davey Smith G, Burgess S. Mendelian randomization with invalid instruments: effect
estimation and bias detection through Egger regression. Int J Epidemiol. 2015;44:512-25.

Benjamini Y, Hochberg Y. Controlling the False Discovery Rate: A Practical and Powerful Approach to
Multiple Testing. Journal of the Royal Statistical Society Series B (Methodological). [Royal Statistical
Society, Wiley]; 1995;57:289-300.

Dangaj D, Bruand M, Grimm AJ, Ronet C, Barras D, Duttagupta PA, et al. Cooperation between
Constitutive and Inducible Chemokines Enables T Cell Engraftment and Immune Attack in Solid
Tumors. Cancer Cell. 2019;35:885-900.e10.

Vazquez-Mellado MJ, Monjaras-Embriz V, Rocha-Zavaleta L. Erythropoietin, Stem Cell Factor, and
Cancer Cell Migration. Vitam Horm. 2017;105:273-96.

Roger T, David J, Glauser MP, Calandra T. MIF regulates innate immune responses through
modulation of Toll-like receptor 4. Nature. 2001;414:920-4.

Farr L, Ghosh S, Moonah S. Role of MIF Cytokine/CD74 Receptor Pathway in Protecting Against
Injury and Promoting Repair. Front Immunol. 2020;11:1273.

Zhang H, Ye Y-L, Li M-X, Ye S-B, Huang W-R, Cai T-T, et al. CXCL2/MIF-CXCR2 signaling promotes the
recruitment of myeloid-derived suppressor cells and is correlated with prognosis in bladder cancer.
Oncogene. 2017,36:2095-104.

Gui S-L, Teng L-C, Wang S-Q, Liu S, Lin Y-L, Zhao X-L, et al. Overexpression of CXCL3 can enhance
the oncogenic potential of prostate cancer. Int Urol Nephrol. 2016;48:701-9.

Kawamura M, Toiyama Y, Tanaka K, Saigusa S, Okugawa Y, Hiro J, et al. CXCL5, a promoter of cell
proliferation, migration and invasion, is a novel serum prognostic marker in patients with colorectal
cancer. Eur J Cancer. 2012;48:2244-51.

Xu X, Huang P, Yang B, Wang X, Xia J. Roles of CXCL5 on migration and invasion of liver cancer cells.
J Transl Med. 2014;12:193.

Quemener C, Baud J, Boyé K, Dubrac A, Billottet C, Soulet F, et al. Dual Roles for CXCL4 Chemokines
and CXCR3 in Angiogenesis and Invasion of Pancreatic Cancer. Cancer Res. 2016;76:6507-19.
Gongalves |, Singh P, Tengryd C, Cavalera M, Yao Mattisson |, Nitulescu M, et al. sTRAIL-R2 (Soluble
TNF [Tumor Necrosis Factor]-Related Apoptosis-Inducing Ligand Receptor 2) a Marker of Plaque Cell
Apoptosis and Cardiovascular Events. Stroke. 2019;50:1989-96.

Michowitz Y, Goldstein E, Roth A, Afek A, Abashidze A, Ben Gal Y, et al. The involvement of tumor
necrosis factor-related apoptosis-inducing ligand (TRAIL) in atherosclerosis. J Am Coll Cardiol.

2005;45:1018-24.
Page 10/15



25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Bjorkbacka H, Yao Mattisson I, Wigren M, Melander O, Fredrikson GN, Bengtsson E, et al. Plasma
stem cell factor levels are associated with risk of cardiovascular disease and death. J Intern Med.
2017;282:508-21.

Bedognetti D, Spivey TL, Zhao Y, Uccellini L, Tomei S, Dudley ME, et al. CXCR3/CCRS5 pathways in
metastatic melanoma patients treated with adoptive therapy and interleukin-2. Br J Cancer.
2013;109:2412-23.

Georgakis MK, Malik R, Bjorkbacka H, Pana TA, Demissie S, Ayers C, et al. Circulating Monocyte
Chemoattractant Protein-1 and Risk of Stroke: Meta-Analysis of Population-Based Studies Involving
17 180 Individuals. Circ Res. 2019;125:773—-82.

Kauwe JSK, Bailey MH, Ridge PG, Perry R, Wadsworth ME, Hoyt KL, et al. Genome-wide association
study of CSF levels of 59 alzheimer’s disease candidate proteins: significant associations with
proteins involved in amyloid processing and inflammation. PLoS Genet. 2014;10:e1004758.

Ahmadi Rastegar D, Ho N, Halliday GM, Dzamko N. Parkinson’s progression prediction using machine
learning and serum cytokines. NPJ Parkinsons Dis. 2019;5:14.

Perrin FE, Lacroix S, Avilés-Trigueros M, David S. Involvement of monocyte chemoattractant protein-
1, macrophage inflammatory protein-Talpha and interleukin-1beta in Wallerian degeneration. Brain.
2005;128:854-66.

Ransohoff RM. How neuroinflammation contributes to neurodegeneration. Science. 2016;353:777—
83.

GBD 2017 Disease and Injury Incidence and Prevalence Collaborators. Global, regional, and national
incidence, prevalence, and years lived with disability for 354 diseases and injuries for 195 countries
and territories, 1990-2017: a systematic analysis for the Global Burden of Disease Study 2017.
Lancet. 2018;392:1789—-858.

Seyerle AA, Avery CL. Understanding Genetic Epidemiology: The Potential Benefits and Challenges of
Genetics for Improving Human Health. N C Med J. 2013;74:505-8.

Aronson SJ, Rehm HL. Building the foundation for genomics in precision medicine. Nature.
2015;526:336-42.

Figures

Page 11/15



-+ Confounders Exposures (41 cytokines)

?L"’ -7
— .
e — ME. analvsis
—-— o
—
Caners and (18 @ e
e

Estimation of association

Depetic instrements Circulating cyickines
s, Instrument selection Cynakine, (VW-MR)
SXP. Cynokioe,
AP, Cxtokini,,
Y 24 cvtokines for outcomes (34 diseases)
.
S~ -~ Sensitivity analyses
- {MR-Egger, WME) —
—— N —— —— et
(a) MR-BMA analysis

[ Confounders

Cyrokimal

Screen top eyvtokines for cach disease
Cyrakime,

Genetic mstruments
§8P1
EMp2

® Cancors nwd 1bs =nbtvpes
| ® Cardiovasenlar dissases
& Newrologacal and mental discases
® Fpdocrine diseases
® Antoimmnoe discases

§NPa

Cyloknse,

Combine two methods to determine the
most valuable risk factors

(c)

Figure 1

Study design and framework of this research. Panel (a) showed the framework of bidirectional Mendelian
randomization. The causal effects of candidate exposure on outcome were calculated in turns. Panel (b)
was the Multivariate mendelian randomization with Bayesian model averaging (MR-BMA) estimates.
Panel (c) shows the brief process framework of our research. We first use the MR method to determine
the causal relationship between cytokines and 40 kinds of diseases from the cytokines that have found
instrumental variables. Then apply the MR-BMA method to rank the importance of these cytokines to
determine the most valuable cytokines.
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Figure 2

Causal effects of genetically determined cytokines on human complex diseases by IVW-MR analysis. The
heat map showed the Odds Ratios (ORs) and confidence intervals (Cls) of cytokines on human complex
diseases. The depth of the color represents the size of the effect values (log OR), where red represented
the positive association and blue represented the negative association. Here, only significant results
(p<0.05) were marked with values of OR (95%ClI). « for one instrumental variable, only Wald ratio method
was applied; * p<0.05; ** p<0.01; *** p<0.001; t p<0.05 in both IVW and WME MR analysis;  p-value
passed the FDR correction
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Causal effects of genetically determined human complex diseases on cytokines in bi-directional MR
analysis. The heat map showed the effects (beta value) of cytokines on human complex diseases by the
IVW-MR method. The depth of the color represents the size of the effect values (B), where red represented
the positive association and blue represented the negative association. Here, only significant results
(p<0.05) were marked with values. * p<0.05; ** p<0.01; *** p<0.001
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Figure 4

Results of top models in MR-BMA analysis for genetically determined cytokines on human complex
diseases. The heat map showed the Odds Ratios (ORs) of blood cell traits on breast cancer. The depth of
the color represents the size of the effect values (log OR), where red represented the positive association
and blue represented the negative association. Each row of the heat map represents a multivariate model.
The cytokines marked with color and values represent the factors included in the multivariate MR
analysis while the gray grid indicated the factors not included in the top model by MR-BMA. The number
in parentheses indicates the posterior probability (PP) of this model. *top risk factors with the largest
marginal inclusion probability (MIP).
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