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Mendelian randomization
suggests causal correlations
between inflammatory cytokines
and immune cells with mastitis
Jiaying Chen1,2†, Ben Su1†, Xinyue Zhang2, Chao Gao1,2, Yajie Ji2

and Xiaohong Xue2*

1Graduate School, Shanghai University of Traditional Chinese Medicine, Shanghai, China, 2Department
of Breast Surgery, Yueyang Hospital of Integrated Traditional Chinese and Western Medicine,
Shanghai University of Traditional Chinese Medicine, Shanghai, China
Objectives: Previous studies have reported that immunoinflammatory responses

have associations with mastitis. Here, we aimed to further figure out whether

circulating inflammatory cytokines and immune cells causally impactmastitis liability.

Methods: The two-sample Mendelian randomization made use of genetic

variances of 91 inflammatory cytokines from a large publicly available

genome-wide association study (GWAS) containing 14,824 participants, 731

immunophenotypes data from 3,757 individuals as exposures separately, and

mastitis from a GWAS summary (1880 cases and 211699 controls of European

ancestry) as outcome. The primary analysis applied the inverse-variance

weighted (IVW) method to estimate causal influences, with MR-Egger,

weighted median, weighted mode and simple mode as supplementary

approaches. Heterogeneity and pleiotropy were evaluated by the Cochrane Q

test, MR-Egger intercept test, and MR-PRESSO global test.

Results: The results indicated that CX3CL1 may be suggestively relevant to the

risk of mastitis (odds ratio, OR = 1.434, 95% CI = 1.142~1.800, p = 0.002).

Moreover, three immunophenotypes were identified as having a potential causal

link to mastitis (p < 0.05). Significantly, CD28- CD8dim %CD8dim (OR = 1.058,

95% CI = 1.024 ~ 1.093, p = 0.0006) and CD45 on CD33br HLA DR+ (OR = 1.097,

95% CI = 1.039 ~ 1.157, p = 0.0008) were found to induce mastitis possibly.

Conversely, CD39+ secreting Treg AC (OR = 0.929, 95% CI = 0.884~ 0.978, p =

0.005) pertained to protective factors of mastitis. Cochran’s Q test andMR-Egger

intercept test indicated no significant heterogeneity (p > 0.05) or pleiotropy (p >

0.05), supporting the robustness and reliability of our findings.

Conclusion: Our study adds to current knowledge on the causal roles of

inflammatory cytokines and immune cells on mastitis by genetic means, thus

guiding future clinical research.
KEYWORDS

mastitis, cytokines, Mendelian randomization, genome-wide association study (GWAS),
inflammation, immunity
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1 Introduction

Mastitis is a painful benign breast disease that can be

categorized into lactational and non-lactational mastitis.

Lactational mastitis (LM) is the most common inflammatory

disease of the mammary gland in primiparous women, usually

occurring 3-4 weeks postpartum. Global incidence ranges from 3%

to 33%, affecting breastfeeding and fetal health (1, 2). Mastitis can

also occur in non-breastfeeding women, and rarely in men. Non-

lactational mastitis is refractory including periductal mastitis

(PDM) and granulomatous lobular mastitis (GLM) (2).

LM happens mostly due to milk stasis or nipple damage, bacteria

that colonize the skin invade breasts along the lymphatic and milk

duct, and subsequent infections in stagnant lactiferous ducts progress

with Staphylococcus aureus being the main pathogen (3). Generally,

5% to 9% of reproductive-aged women will have PDM which often

influences the subareolar ducts. The cause of periductal mastitis is still

unclear while mammary ductal ectasia, plasma cell infiltration and

abscess formation have been implicated as basic pathogenesis (4). In

addition, more than one study shows immune responses may play a

role (5). Alternatively, GLM is a rare autoimmune inflammatory

disorder prone to recur that can be clinically similar to breast cancer

with the highest risk in parous women ordinarily within 5 years of

parturition (6). The etiology of GLM remains ambiguous while

Corynebacterium infection may be closely related to the

pathogenesis of GLM (7). The most widely accepted theory

indicates that specific triggers such as trauma, bacteria, or

exosmotic milk induce autoimmune destruction, giving rise to

leakage of ductal secretions into the breast tissue and inflammatory

cell infiltration, resulting in a granulomatous response. In such cases,

patients may benefit from immunosuppressive therapy (8).

While clinical manifestations and etiology of these disorders are

with great heterogeneity, inflammation and immune response

appear to be the commonalities in the occurrence and

development of such diseases, and their causal relationship

remains to be verified. Mendelian randomization (MR) analyses

aim to investigate causal correlations between exposures and

outcomes via genetic variation such as single nucleotide

polymorphisms (SNPs) as instrumental variables (IVs), making

them less susceptible to environmental confounders and reverse

causation (9). MR uses genetic variants as proxies for exposures to

assess causal relationships, minimizing confounding and reverse

causation. Although MR has been widely used to study the

association between inflammatory factors and immune system

disorders (10, 11), evidence on the causality of inflammatory

cytokines and immune cells with inflammatory disorders of the

breast remains limited. It is unclear whether they play a causal role

or are merely a consequence of shared risk factors. However, the

causal role of these factors in mastitis has not been fully established.

To identify circulating inflammatory cytokines and immune cells as

potential risk factors for mastitis, this study conducted a

comprehensive two-sample Mendelian randomization (TSMR)

analysis which explored their causal connection, providing

insights into the role of inflammatory cytokines and immune cells

in pathogenesis and potential therapeutic interventions of mastitis.
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2 Materials and methods

2.1 Study design

This study employed a TSMR approach, with circulating

inflammatory cytokines and immune cells as exposure factors

separately, their genetic variant SNPs as IVs respectively, and

mastitis as an outcome factor, to examine the causal relationship

between exposure and outcome predicted by genes (12). In order to

provide a reasonable interpretation of MR analyses, the following 3

core assumptions need to be met (13): ①Relevance - IVs are strongly

associated with exposure factors, ②Independence - IVs are

uncorrelated with confounders affecting both exposure and

outcome, and ③Exclusivity - genetic variant SNPs affect outcomes

solely through exposure (Figure 1).
2.2 Data sources

Genetic information on inflammatory factors is derived from

the largest known meta-analysis of genome-wide association studies

(GWAS) published in 2023 including 11 cohorts of total 14,824

European-ancestry participants (14). Results were meta-analyzed to

identify significant protein quantitative trait loci (pQTLs) across 91

plasma proteins using the Olink Target Inflammation panel. 180

significant pQTLs involving 70 proteins were identified, with 33% of

these being cis and 67% trans. Additionally, conditional analyses

revealed 47 independent pQTL signals, increasing the total number

of pQTLs from 180 to 227 (99 cis and 128 trans). Significant pQTL

(p ≤5 × 10−10, fixed-effect meta-analysis) findings were validated in

an independent cohort (ARISTOTLE) of 1,585 individuals. The

analysis involved linear regression of cytokine levels against SNPs,

adjusted for age, sex, and BMI, to identify single-variant

associations (11). Besides, 72 out of 91 proteins were evaluated

for replication in 35,556 participants in the deCODE study, using

the aptamer-based SomaScan platform. Overall, 126 (71%) of the

178 testable pQTLs were replicated in either ARISTOTLE or

deCODE. The data are publicly available at the website: https://

www.phpc.cam.ac.uk/ceu/proteins and the EBI GWAS Catalog

(accession numbers GCST90274758 to GCST90274848).

Summary statistics for 731 immune traits are also publicly

available in the GWAS catalog database (accession numbers from

GCST0001391 to GCST0002121). Among the 731 immune cells, 118

represent absolute cell counts, 389 reflect median fluorescence

intensity (MFI), 32 are morphological parameters and 192 pertain to

relative cell counts. The initial genome-wide association study on

immune traits was conducted using data from 3,757 individuals of

European descent, with no overlap between cohorts. A comprehensive

set of approximately 22 million markers was genotyped using high-

density arrays and subsequently imputed with a Sardinian sequence-

based reference panel (15). The study discovered 122 independent

signals for 459 cell traits at 70 loci (53 of them novel), revealing

molecules andmechanisms involved in cell regulation with significant

(p < 1.28 × 10-11) associations. Associations were assessed after

adjusting for covariates such as sex, age, and age squared (16).
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Genetic information of mastitis as an outcome factor comes

from Finngen Biobank (https://r10.finngen.fi), which contains 1880

cases of inflammatory breast disease and 211699 controls of

European ancestry (17).
2.3 Selection of instrumental variables

To further screen SNPs with strong correlative associations with

inflammatory cytokines as exposed IVs, Firstly, we employed a loose

genome-wide significant threshold to enhance the number of available

SNPs (p < 1 × e-5) (18). Next, to exclude linkage disequilibrium (LD)

and obtain independent IVs, we performed a clumping cutoff (r2 <

0.001 within a 10000-kb distance) (19). Meanwhile, SNPs strongly

related to immune cells were selected when the following criteria were

satisfied (p < 1 × e-5, r2< 0.001, kb=10000) (20). Then incompatible

and palindromic SNPs were eliminated due to the inability to

determine whether IV is oriented in the same direction during the

harmonization process of the exposure and outcome data (21). After

that, for the purpose of erasing the bias of weak IVs, the F value of each

SNP was calculated by referring to the formula of F = beta2exposure/se
2

exposure and R
2 = 2× (1- MAF) ×MAF×beta2 (22) and finally, SNPs with

F<10 were removed (23). Additionally, potential pleiotropic

confounders were recognized by the Phenoscanner database (http://

www.phenoscanner.medschl.cam.ac.uk/) (24).
2.4 Statistical analysis

The main analytical method used to determine the causal

relationship between different circulating inflammatory factors

and immune cells with mastitis is Inverse variance weighting

(IVW) (25). MR-Egger, Weighted Median, Simple mode and
Frontiers in Immunology 03
Weighted Mode, as a supplement to IVW, can also be utilized to

estimate causality (26, 27). It is worth noting that if these methods

yield inconsistent results, we will prioritize IVW as the primary

outcome. IVW is the major method commonly used in MR studies.

It combines all the Wald ratios for each SNP to obtain a pooled

estimate. Due to its robustness in providing consistent estimates

when all instruments are valid, IVW was chosen as the primary

method in this study. Potential heterogeneity was gauged by

Cochran’s Q test with IVW and MR-Egger, and pleiotropy was

assessed by the MR-PRESSO method and intercept of MR Egger

test where all p values exceeding 0.05 signified the absence of both

heterogeneity and pleiotropy (28, 29). Simultaneously, a Leave-one-

out analysis was applied to evaluate the effect of a single SNP on

sensitivity after removing SNPs one by one.

In this study, the odds ratio (OR) and 95% CI were presented. R

version 4.3.2, R studio software and R package “TwoSampleMR

(version 0.5.8)” were performed for the above analyses with the test

criterion a = 0.05. To reduce the interference of correlation-level

pleiotropy on the results, we searched the PhenoScanner V2 website

to identify and rule out SNPs that were significantly associated (p <

1 × e-8) at the genome-wide level with shared risk factors for

mastitis (hyperprolactinemia, nipple injury, smoking, bacterial

infection et al.), and to re-run causal inference (1, 5, 30, 31).
3 Results

3.1 Influence of 91 inflammatory cytokines
on mastitis

After selecting and coordinating IVs, we used a total of 30 SNPs

for MR analysis. All SNPS had F statistics above 10 (ranging from

19.68 to 47.57) and were independent of relevant risk factors,
FIGURE 1

Schematic of the study design in TSMR.
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suggesting that they were a powerful instrumental variable (The

harmonized data are presented in Supplementary Table 1).

The causal effect estimates of 91 circulating inflammatory

cytokines on mastitis susceptibility are summarized in Figure 2.

Employing IVW methodology as the primary analytical method, it

was revealed that a genetically projected higher abundance of

Fractalkine levels (OR: 1.434, 95% CI:1.142~1.800, p = 0.002) was

linked to an increased mastitis risk and Weighted Median method

also proved the trend (OR: 1.394, 95% CI:1.044~1.862, p = 0.024).

Figure 3A illustrates the scatterplot depicting circulating

inflammatory cytokines’ causal effects on mastitis. Meanwhile, the

sensitivity analyses in this study did not provide any evidence of

heterogeneity, based on Cochran’s Q test for CX3CL1 using the

IVW (p = 0.156) or MR Egger (p = 0.133) methods (Table 1).

Besides, the leave-one-out method did not identify cases where a

single SNP significantly influenced the observed outcomes

(Figure 3B). What’s more, as shown in Table 1, both the MR-

Egger intercept test (p = 0.675) and the MR PRESSO global test

(p = 0.176) confirmed the absence of horizontal pleiotropy.
3.2 Influence of 731 immunophenotypes
on mastitis

The study examined the causal effects of 731 peripheral immune

cells on mastitis, as outlined in Supplementary Table 2. Utilizing 57

independent genome-wide significant SNPs as instrumental variables

for immunophenotypes, with F-statistics ranging from 19.62 to

2198.81, Mendelian randomization analysis indicated that three

immune cells exhibited potential causal relationships with mastitis (p

<0.05),with two showingan increased risk andone showinganegative

association. The primary findings of the main Mendelian

randomization analyses are depicted in Figure 4, while scatterplots

illustrating the causal relationships of immune cells on mastitis are

presented in Figures 5A–C. These three immune cells are distributed

across three trait types and two panels: relative cell count (Treg panel),

absolute cell count (Treg panel), and MFI count (Myeloid cell panel).

The respective immunophenotypes were as follows. Strikingly,

elevated levels of CD28- CD8dim %CD8dim (OR = 1.058, 95% CI =

1.024 ~ 1.093, p = 0.0006) and CD45 on CD33br HLA DR+ (OR =

1.097, 95% CI = 1.039 ~ 1.157, p = 0.0008) could induce the risk of

mastitis. Consistent evidence supported the causal effects of CD28-

CD8dim%CD8dim onmastitis acrossMREgger (OR= 1.047, 95%CI
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= 1.013~ 1.082, p = 0.018), Weighted median (OR = 1.051, 95% CI =

1.013~ 1.090, p = 0.009) and Weighted mode methods (OR = 1.054,

95%CI = 1.017~ 1.092, p = 0.011). As to CD45 onCD33br HLADR+,

positive associationswithahigher riskofmastitiswere alsoobservedby

MR Egger (OR = 1.086, 95% CI = 1.014~ 1.163, p = 0.034), Weighted

median (OR = 1.099, 95%CI = 1.016~ 1.188, p = 0.018) andWeighted

mode methods (OR = 1.100, 95% CI = 1.027~ 1.179, p = 0.016). As

shown in Figure 5A, genetically determined higher levels of CD39+

secretingTregAC (OR=0.929, 95%CI= 0.884~ 0.978, p=0.005)were

suggestively associated with lower odds of mastitis. Furthermore,

neither heterogeneity nor pleiotropy was observed according to the

results (Table 2). To detect whether any single instrument

disproportionately influenced results, we conducted a leave-one-out

analysis by systematically removing each SNP and repeating the MR.

No high influence points driving the pooled IVW estimates were

recognized in the Leave-one-out analysis (Figures 5D–F).
4 Discussion

In the two-sampleMRanalyses,wefirst conducted a thoroughand

comprehensive exploration of the causative links when circulating

inflammatory cytokines and immune cells were seen as exposures

separately and mastitis as the outcome, utilizing publicly accessible

genetic data. And it was shown that CX3CL1, CD28- CD8dim %

CD8dim and CD45 on CD33br HLA DR+ may suggestively be the

upstream causes of mastitis, while heightened levels of CD39+

secreting Treg AC were connected to a reduced mastitis risk. Among

immune cells, two risk factors were found to be related to the Treg

panel (CD28- CD8dim %CD8dim) and Myeloid cells (CD45 on

CD33br HLA DR+). Additionally, the presence of CD39+ secreting

Treg AC from the Treg panel showed a negative association.

The mammary gland is a hormonally responsive exocrine

gland. Immunoinflammatory response is a common phenomenon

observed in individuals with mastitis (32). Also, it has been the

subject of recent research providing compelling evidence of the

crucial interplay between immunoinflammatory response with

mastitis, including Liu, L., et al., noted that PDM patients exhibit

a higher level of IFN- g, and IL-12A compared to controls (5). These

cytokines are secreted by T helper 1 cells aiding in eradicating

foreign pathogens. Increased expression pattern of these cytokines

suggests that immune responses may play a role in the pathogenesis

of periductal mastitis. Similarly, the analysis of immune modulation
FIGURE 2

Forest plots of MR results of inflammatory cytokines on mastitis. MR, Mendelian Randomization; nsnp, number of SNPs; OR, odds ratio; CI,
confidence interval.
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byL. rhamnosus strainsonmastitis identified twostrainswith significant

anti-inflammatory potential, which can strongly induce IL-10 and

weakly secrete pro-Th1 cytokine (IL-12 and IFN-g). Therefore, these
strains canbe considered as aprobiotic candidate for themanagementof

infectious mastitis during lactation (33). After being exposed to

lipopolysaccharide (LPS) in vitro experiments, untreated bovine

mammary epithelial cells demonstrated a noteworthy reduction in the

expression of CXCL8, IL1B, CCL20, and CXCL1 upon inflammatory

response (34).Barreto,D.S., et al., also indicatedautoimmuneresponse is

the most widely accepted etiology of GLM (35), and treatment with

immunosuppression (steroids combined with Methotrexate) is an

effective breast-conserving option. T lymphocyte subsets play a crucial

role in maintaining immune homeostasis, with Treg cells exerting an

immunosuppressive function. Likewise, Ucaryilmaz, H., et al.,

confirmed that there was an intrinsic defect of Tregs in patients with

idiopathic granulomatous mastitis through flow cytometry. The

expression of Foxp3 in Treg cells, and the frequency of non-

suppressive Tregs, were found to be significantly lower in patients

with idiopathic granulomatous mastitis when compared to healthy

controls (36). However, different immunophenotypes in the Treg

panel exhibited distinct roles in our results. Specifically, CD28-

CD8dim %CD8dim was involved with increased risk while CD39+

secretingTregACdemonstrated an opposing effect. Increasing evidence

suggests that different subtypes of Tregs appear to have distinct roles in

regulating the immune system. CD28 is a key co-stimulatory receptor

typically expressed on most CD4+ T cells, binding CD80 and CD86 on
Frontiers in Immunology 05
antigen-presenting cells to promote T-cell activation. Lack of CD28

expression might impair their functional effectiveness or alter their

activation state, leading to increased inflammation or reduced

regulatory function. CD4+ CD28- T cells are associated with

autoimmune diseases like rheumatic arthritis. Huang Y et al. also

discovered that the absence of CD28 expression could identify T cell

subsets exhibiting terminallydifferentiated and senescent characteristics,

which were accompanied by the deterioration of the disease (37).

Decreased CD28 expression can be an indicator of T-cell exhaustion.

While CD39 is an ectoenzyme that converts ATP and ADP to AMP, it

helps restrain excessive inflammatory responses (38). The

immunoregulatory functions contribute to maintaining immune

homeostasis and mitigating tissue damage. Chen C et al. demonstrated

the immunosuppressive effect of CD39+ Tregs on acute lung injury via

autophagy and the ERK/FOS Pathway (39). Our findings indicate a

potential role of Tregs in the pathogenesis of idiopathic granulomatous

mastitis and suggest a possible immunological basis for the development

of this disease. These insightsmay inform future therapeutic approaches

by targeting Treg cells and addressing the underlying immune

dysregulation, which could generate novel therapies in the treatment

andmanagement ofmastitis. Further investigation into the role of Tregs

in this condition is warranted in order to develop more effective

diagnostic and treatment strategies for patients with granulomatous

mastitis. According to Zhao, J., et al., the expression of Th1 and Th17

cytokines was found to be significantly higher in the breast tissues of

patients suffering from nonpuerperal mastitis, whereas the levels of Th2
TABLE 1 Results of the heterogeneity and horizontal pleiotropy for the effect of inflammatory cytokines on mastitis.

ID Trait Symbol

Heterogeneity Pleiotropy

IVW
CochraneQ pval

MR Egger intercept MR Egger
Intercept pval

MR PRESSO
Global Test

pval

GCST
90274778

Fractalkine levels CX3CL1 0.156 -0.012 0.675 0.176
FIGURE 3

(A) Scatter plots of causal estimates of inflammatory cytokines (Fractalkine levels-CX3CL1) on mastitis. (B) Leave-one-out stability tests causal
estimates of inflammatory cytokines (Fractalkine levels-CX3CL1) on mastitis.
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cytokine and Treg cytokines such as IL-10 and transforming growth

factor b were observed to be lower (40). In models of both sterile

inflammation and bacterial infection, a diverse recruitment of myeloid

cells was observed. The number of CD45+ leukocytes within the

mammary gland significantly increased during inflammation and

infection, which was in agreement with our studies. Among sterile

inflammation models, increased numbers of neutrophils, Ly6C low

monocytes and CD11b+F4/80+ macrophages were detected. While

numbers of DCs and CD206+ macrophages increased among

infection models, which was not seen during the sterile inflammation

challenge. Our research also found that CD45 on CD33br HLA DR+

from Myeloid cells was linked to an increased risk of mastitis causally.

These findings can provide valuable insights into the different immune

responses of the mammary gland during inflammation and infection

(41). Through flow cytometric analysis of milk, nonspecific mastitis

revealed the highest percentage of CD4+ T lymphocytes, the percentage

of CD8+ T lymphocytes was found to be highest in infectious bacterial
Frontiers in Immunology 06
mastitis (42). Our results showed CD28- CD8dim %CD8dim

immunophenotype was significantly linked to the risk of mastitis (p =

0.0006). In the light of these observations, limited research on the

relationship between immunoinflammatory response and mastitis

may present a new perspective for early detection, prevention and

monitoring. It is therefore necessary to conduct further research to

explore the specific mechanism of these inflammatory cytokines and

immune cells in mastitis.

To the best of our knowledge, this is the first Mendelian

randomization research to evaluate the causal relationship between

91 inflammatory cytokines and 731 immune cells withmastitis, which

provides genetic evidence emphasizing the strong causal relevance

between immunoinflammatory response andmastitis. Nevertheless, it

is crucial to acknowledge the restrictions of our study. Firstly, the

obtainedGWAS summarydatapredominantly consisted of patients of

European descent, potentially generating biased estimates so it should

be taken with caution if the conclusions would be applied in diverse
FIGURE 5

(A–C) Scatter plots of causal estimates of immune cells on mastitis. (D–F) Leave-one-out stability tests causal estimates of immune cells on mastitis.
(A, D) CD39+ secreting Treg AC; (B, E) CD28- CD8dim %CD8dim; (C, F) CD45 on CD33br HLA DR+.
FIGURE 4

Forest plots of MR results of immune cells on mastitis. MR, Mendelian Randomization; nsnp, number of SNPs; OR, odds ratio; CI, confidence interval.
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ethnic groups. Future research should include diverse populations to

determine whether thesefindings are consistent across different ethnic

groups, ultimately enhancing the generalizability of the results and

providing a more comprehensive understanding of genetic

associations. Secondly, subgroup analyses aimed at attaining more

precise correlations were not feasible due to the lack of specific

demographic information and clinical records of study patients.

Finally, owing to the limitations of the MR analysis, the second and

third assumptions could not be properly examined and possible

violations against these assumptions may exist. Colocalization

analyses could be performed to further explain potential

causal variation.
5 Conclusion

To sum up, our TSMR findings suggest that circulating

inflammatory cytokines and immune cells might causally influence

the risk of mastitis. It can be concluded an upregulation of CX3CL1,

CD28- CD8dim %CD8dim and CD45 on CD33br HLA DR+ may

contribute to an increased risk of mastitis, while raised levels of CD39+

secreting Treg AC are associated with a lower risk. Furthermore, these

biomarkers may act as the initiatives in the onset and progression of

mastitis, which could potentially serve as a viable approach for earlier

diagnosis and more effective treatment options. They can also serve as

candidate molecules for future mechanism exploration.
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TABLE 2 Results of the heterogeneity and horizontal pleiotropy for the effect of immune cells on mastitis.

ID Trait

Heterogeneity Pleiotropy

IVW
CochraneQ pval

MR
Egger intercept

MR Egger
Intercept pval

MR PRESSO
Global Test

pval

GCST90001495 CD39+ secreting Treg AC 0.813 -0.015 0.374 0.791

GCST90001662 CD28- CD8dim %CD8dim 0.209 0.027 0.115 0.412

GCST90002053 CD45 on CD33br HLA DR+ 0.992 0.007 0.664 0.993
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fimmu.2024.1409545/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2024.1409545/full#supplementary-material
https://doi.org/10.3389/fimmu.2024.1409545
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Chen et al. 10.3389/fimmu.2024.1409545
References
1. Louis-Jacques AF, Berwick M, Mitchell KB. Risk factors, symptoms, and
treatment of lactational mastitis. JAMA: J Am Med Assoc. (2023) 329:588–9.
doi: 10.1001/jama.2023.0004

2. Scott DM. Inflammatory diseases of the breast. Best Pract Res Clin Obstet
Gynaecol. (2022) 83:72–87. doi: 10.1016/j.bpobgyn.2021.11.013

3. Angelopoulou A, Field D, Ryan CA, Stanton C, Hill C, Ross RP. The microbiology
and treatment of human mastitis. Med Microbiol Immun. (2018) 207:83–94.
doi: 10.1007/s00430-017-0532-z

4. Xu H, Liu R, Lv Y, Fan Z, MuW, Yang Q, et al. Treatments for periductal mastitis:
systematic review and meta-analysis. Breast Care. (2022) 17:55–62. doi: 10.1159/
000514419

5. Liu L, Zhou F, Wang P, Yu L, Ma Z, Li Y, et al. Periductal mastitis: an
inflammatory disease related to bacterial infection and consequent immune
responses? Mediat Inflammation. (2017) 2017:1–9. doi: 10.1155/2017/5309081

6. Shi L, Wu J, Hu Y, Zhang X, Li Z, Xi P, et al. Biomedical indicators of patients with
non-puerperal mastitis: A retrospective study. Nutrients. (2022) 14:4816. doi: 10.3390/
nu14224816

7. Jiao Y, Chang K, Jiang Y, Zhang J. Identification of periductal mastitis and
granulomatous lobular mastitis: a literature review. Ann Transl Med. (2023) 11:158.
doi: 10.21037/atm-22-6473

8. Parperis K, Achilleos S, Costi E, Vardas M. Autoimmune rheumatic diseases
associated with granulomatous mastitis. Rheumatol Int. (2023) 43:399–407.
doi: 10.1007/s00296-022-05251-9

9. Emdin CA, Khera AV, Kathiresan S. Mendelian randomization. JAMA. (2017)
318:1925–6. doi: 10.1001/jama.2017.17219

10. Gu J, Yan GM, Kong XL, Zhang YY, Huang LH, Lu HM. Assessing the causal
relationship between immune traits and systemic lupus erythematosus by bi-directional
Mendelian randomization analysis. Mol Genet Genomics. (2023) 298:1493–503.
doi: 10.1007/s00438-023-02071-9

11. Liu C, Liu X, Xin H, Li X. Associations of inflammatory cytokines with
palmoplantar pustulosis: a bidirectional Mendelian randomization study. Front Med
(Lausanne). (2024) 11:1387210. doi: 10.3389/fmed.2024.1387210

12. Sekula P, Del Greco MF, Pattaro C, Köttgen A. Mendelian randomization as an
approach to assess causality using observational data. J Am Soc Nephrol. (2016)
27:3253–65. doi: 10.1681/ASN.2016010098

13. Bowden J, Holmes MV. Meta-analysis and Mendelian randomization: A review.
Res Synth Methods. (2019) 10:486–96. doi: 10.1002/jrsm.1346

14. Zhao JH, Stacey D, Eriksson N, Macdonald-Dunlop E, Hedman ÅK,
Kalnapenkis A, et al. Genetics of circulating inflammatory proteins identifies drivers
of immune-mediated disease risk and therapeutic targets. Nat Immunol. (2023)
24:1540–51. doi: 10.1038/s41590-023-01588-w

15. Orrù V, Steri M, Sidore C, Marongiu M, Serra V, Olla S, et al. Complex genetic
signatures in immune cells underlie autoimmunity and inform therapy. Nat Genet.
(2020) 52:1036–45. doi: 10.1038/s41588-020-0684-4

16. Sidore C, Busonero F, Maschio A, Porcu E, Naitza S, Zoledziewska M, et al.
Genome sequencing elucidates Sardinian genetic architecture and augments
association analyses for lipid and blood inflammatory markers. Nat Genet. (2015)
47:1272–81. doi: 10.1038/ng.3368

17. Kurki MI, Karjalainen J, Palta P, Sipilä TP, Kristiansson K, Donner KM, et al.
FinnGen provides genetic insights from a well-phenotyped isolated population. Nature.
(2023) 613:508–18. doi: 10.1038/s41586-022-05473-8

18. Zhang S, Zhang W, Ren H, Xue R, Wang Z, Wang Z, et al. Mendelian
randomization analysis revealed a gut microbiota–mammary axis in breast cancer.
Front Microbiol. (2023) 14:1193725. doi: 10.3389/fmicb.2023.1193725

19. Bouras E, Karhunen V, Gill D, Huang J, Haycock PC, Gunter MJ, et al.
Circulating inflammatory cytokines and risk of five cancers: a Mendelian
randomization analysis. BMC Med. (2022) 20:3. doi: 10.1186/s12916-021-02193-0

20. Li J, Niu Q, Wu A, Zhang Y, Hong L, Wang H. Causal relationship
between circulating immune cells and the risk of type 2 diabetes: a Mendelian
randomization study. Front Endocrinol (Lausanne). (2023) 14:1210415. doi: 10.3389/
fendo.2023.1210415

21. Xiang M, Wang Y, Gao Z, Wang J, Chen Q, Sun Z, et al. Exploring causal
correlations between inflammatory cytokines and systemic lupus erythematosus: A
Mendelian randomization. Front Immunol. (2023) 13:985729. doi: 10.3389/
fimmu.2022.985729
Frontiers in Immunology 08
22. Chen H, Peng L, Wang Z, He Y, Zhang X. Exploring the causal relationship
between periodontitis and gut microbiome: Unveiling the oral-gut and gut-oral axes
through bidirectional Mendelian randomization. J Clin Periodontol. (2024) 51:417–30.
doi: 10.1111/jcpe.13906

23. Pierce BL, Ahsan H, VanderWeele TJ. Power and instrument strength
requirements for Mendelian randomization studies using multiple genetic variants.
Int J Epidemiol. (2011) 40:740–52. doi: 10.1093/ije/dyq151

24. Kamat MA, Blackshaw JA, Young R, Surendran P, Burgess S, Danesh J, et al.
PhenoScanner V2: an expanded tool for searching human genotype-phenotype
associations. Bioinformatics. (2019) 35:4851–3. doi: 10.1093/bioinformatics/btz469

25. Yavorska OO, Burgess S. MendelianRandomization: an R package for
performing Mendelian randomization analyses using summarized data. Int J
Epidemiol. (2017) 46:1734–9. doi: 10.1093/ije/dyx034

26. 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. doi: 10.1093/ije/dyv080

27. Bowden J, Davey SG, Haycock PC, Burgess S. Consistent estimation in
Mendelian randomization with some invalid instruments using a weighted median
estimator. Genet Epidemiol. (2016) 40:304–14. doi: 10.1002/gepi.21965

28. Burgess S, Thompson SG. Interpreting findings fromMendelian randomization using
the MR-Egger method. Eur J Epidemiol. (2017) 32:377–89. doi: 10.1007/s10654-017-0255-x

29. Verbanck M, Chen C, Neale B, Do R. Detection of widespread horizontal
pleiotropy in causal relationships inferred from Mendelian randomization between
complex traits and diseases. Nat Genet. (2018) 50:693–8. doi: 10.1038/s41588-018-
0099-7

30. Fattahi AS, Amini G, Sajedi F, Mehrad-Majd H. Factors affecting recurrence of
idiopathic granulomatous mastitis: A systematic review. Breast J. (2023) 2023:9947797.
doi: 10.1155/2023/9947797

31. Ong SS, Xu J, Sim CK, Khng AJ, Ho PJ, Kwan P, et al. Profiling microbial
communities in idiopathic granulomatous mastitis. Int J Mol Sci. (2023) 24(2):1042.
doi: 10.3390/ijms24021042

32. Michie C, Lockie F, Lynn W. The challenge of mastitis. Arch Dis Child. (2003)
88:818–21. doi: 10.1136/adc.88.9.818

33. Bousmaha-Marroki L, Boutillier D, Marroki A, Grangette C. In vitro anti-
staphylococcal and anti-inflammatory abilities of lacticaseibacillus rhamnosus from
infant gut microbiota as potential probiotic against infectious women mastitis.
Probiotics Antimicro. (2021) 13:970–81. doi: 10.1007/s12602-021-09755-x

34. Kurz JP, Richards MP, Garcia M, Wang Z. Exogenous phospholipase A2 affects
inflammatory gene expression in primary bovine mammary epithelial cells. J Dairy Res.
(2019) 86:177–80. doi: 10.1017/S0022029919000232

35. Barreto DS, Sedgwick EL, Nagi CS, Benveniste AP. Granulomatous mastitis:
etiology, imaging, pathology, treatment, and clinical findings. Breast Cancer Res Tr.
(2018) 171:527–34. doi: 10.1007/s10549-018-4870-3

36. Ucaryilmaz H, Koksal H, Emsen A, Kadoglou N, Dixon JM, Artac H. The role of
regulatory T and B cells in the etiopathogenesis of idiopathic granulomatous mastitis.
Immunol Invest. (2022) 51:357–67. doi: 10.1080/08820139.2020.1832114

37. Huang Y, Zheng H, Zhu Y, Hong Y, Zha J, Lin Z, et al. Loss of CD28 expression
associates with severe T-cell exhaustion in acute myeloid leukemia. Front Immunol.
(2023) 14:1139517. doi: 10.3389/fimmu.2023.1139517

38. Borsellino G, Kleinewietfeld M, Di Mitri D, Sternjak A, Diamantini A, Giometto
R, et al. Expression of ectonucleotidase CD39 by Foxp3+ Treg cells: hydrolysis of
extracellular ATP and immune suppression. Blood. (2007) 110:1225–32. doi: 10.1182/
blood-2006-12-064527

39. Chen C, Li X, Li C, Jin J, Wang D, Zhao Y, et al. CD39+ Regulatory T cells
attenuate lipopolysaccharide-induced acute lung injury via autophagy and the ERK/
FOS pathway. Front Immunol. (2021) 11:602605. doi: 10.3389/fimmu.2020.602605

40. Zhao J, Ji H, Wang X, Wang Y, Xia Z. Association of nonpuerperal mastitis with
cytokines related to helper T cells TH1/TH2 and TH17/treg. Altern Ther Health M.
(2023) 29(8):150–5.

41. Wilson GJ, Fukuoka A, Vidler F, Graham GJ. Diverse myeloid cells are recruited
to the developing and inflamed mammary gland. Immunology. (2022) 165:206–18.
doi: 10.1111/imm.13430

42. Souza FN, Blagitz MG, Batista CF, Takano PV, Gargano RG, Diniz SA, et al.
Immune response in nonspecific mastitis: What can it tell us? J Dairy Sci. (2020)
103:5376–86. doi: 10.3168/jds.2019-17022
frontiersin.org

https://doi.org/10.1001/jama.2023.0004
https://doi.org/10.1016/j.bpobgyn.2021.11.013
https://doi.org/10.1007/s00430-017-0532-z
https://doi.org/10.1159/000514419
https://doi.org/10.1159/000514419
https://doi.org/10.1155/2017/5309081
https://doi.org/10.3390/nu14224816
https://doi.org/10.3390/nu14224816
https://doi.org/10.21037/atm-22-6473
https://doi.org/10.1007/s00296-022-05251-9
https://doi.org/10.1001/jama.2017.17219
https://doi.org/10.1007/s00438-023-02071-9
https://doi.org/10.3389/fmed.2024.1387210
https://doi.org/10.1681/ASN.2016010098
https://doi.org/10.1002/jrsm.1346
https://doi.org/10.1038/s41590-023-01588-w
https://doi.org/10.1038/s41588-020-0684-4
https://doi.org/10.1038/ng.3368
https://doi.org/10.1038/s41586-022-05473-8
https://doi.org/10.3389/fmicb.2023.1193725
https://doi.org/10.1186/s12916-021-02193-0
https://doi.org/10.3389/fendo.2023.1210415
https://doi.org/10.3389/fendo.2023.1210415
https://doi.org/10.3389/fimmu.2022.985729
https://doi.org/10.3389/fimmu.2022.985729
https://doi.org/10.1111/jcpe.13906
https://doi.org/10.1093/ije/dyq151
https://doi.org/10.1093/bioinformatics/btz469
https://doi.org/10.1093/ije/dyx034
https://doi.org/10.1093/ije/dyv080
https://doi.org/10.1002/gepi.21965
https://doi.org/10.1007/s10654-017-0255-x
https://doi.org/10.1038/s41588-018-0099-7
https://doi.org/10.1038/s41588-018-0099-7
https://doi.org/10.1155/2023/9947797
https://doi.org/10.3390/ijms24021042
https://doi.org/10.1136/adc.88.9.818
https://doi.org/10.1007/s12602-021-09755-x
https://doi.org/10.1017/S0022029919000232
https://doi.org/10.1007/s10549-018-4870-3
https://doi.org/10.1080/08820139.2020.1832114
https://doi.org/10.3389/fimmu.2023.1139517
https://doi.org/10.1182/blood-2006-12-064527
https://doi.org/10.1182/blood-2006-12-064527
https://doi.org/10.3389/fimmu.2020.602605
https://doi.org/10.1111/imm.13430
https://doi.org/10.3168/jds.2019-17022
https://doi.org/10.3389/fimmu.2024.1409545
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Mendelian randomization suggests causal correlations between inflammatory cytokines and immune cells with mastitis
	1 Introduction
	2 Materials and methods
	2.1 Study design
	2.2 Data sources
	2.3 Selection of instrumental variables
	2.4 Statistical analysis

	3 Results
	3.1 Influence of 91 inflammatory cytokines on mastitis
	3.2 Influence of 731 immunophenotypes on mastitis

	4 Discussion
	5 Conclusion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


