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ARTICLE INFO ABSTRACT

Handling Editor: Dr Y Renaudineau Background: The relationship between genetic immune dysregulation and the occurrence of preeclampsia (PE) or
PE with fetal growth restriction (PE with FGR) has yielded inconsistent findings, and the underlying mediators of
this association remain elusive. We aimed to explore the causal impact of genetic immune dysregulation on the
risk of PE or PE with FGR and to elucidate the role of specific transcriptomes in mediating this relationship.
Methods: A two-step Mendelian randomization (MR) analysis was performed to explore the link between immune
dysregulation and PE or PE with FGR, as well as to identify potential inflammatory biomarkers that act as
mediators. GWAS summary data for outcomes were obtained from the FinnGen dataset. The analyses encom-
passed five systemic immune-associated diseases, four chronic genital inflammatory diseases, and thirty-one
inflammatory biomarkers. Summary-data-based MR (SMR) and HEIDI analysis were conducted to test whether
the effect size of single nucleotide polymorphisms (SNPs) on outcomes was mediated by the expression of
immune-associated genes.

Results: The primary univariable analysis revealed a significant positive correlation between systemic lupus er-
ythematosus (SLE), type 1 diabetes (T1D), type 2 diabetes (T2D), and rheumatoid arthritis (RA) with the risk of
PE or PE with FGR. Surprisingly, a counterintuitive finding showed a significant negative association between
endometriosis of pelvic peritoneum (EMoP) and the risk of PE with FGR. None of the inflammatory factors had a
causal relationship with PE or PE with FGR. However, there was a significant association between lymphocyte
count and the risk of PE with FGR. Within the lymphocyte subset, both the proportion of Natural Killer (NK) cells
and absolute counts of naive CD4" T cells demonstrated significant effects on the risk of PE with FGR. Two-step
MR analysis underscored the genetically predicted lymphocyte count as a significant mediator between T1D and
PE with FGR. Additionally, SMR analysis indicated the potential involvement of SH2B3 in the occurrence of PE
with FGR.

Conclusions: Our findings provided substantial evidence of the underlying causal relationship between immune
dysregulation and PE or PE with FGR and some of these diseases proved to accelerate immune cells disorders and
then contribute to the risk of incident PE or PE with FGR.
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1. Introduction (EOPE) or late-onset preeclampsia (LOPE), depending on whether if

develops before or at 34 weeks of gestation [2]. While the presenting

Preeclampsia (PE) is a life-threatening pregnancy complication
traditionally defined clinically by new-onset or worsening hypertension
during pregnancy >20 weeks, along with accompanying proteinuria or
other signs of organ system involvement. Its incidence is estimated at 2
%-4 % worldwide [1]. PE can be classified as early-onset preeclampsia
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features of the two conditions are similar, they have different maternal
and fetal outcomes, heritability, biochemical markers, and clinical fea-
tures [3]. EOPE is more often associated with fetal growth restriction
(FGR), adverse perinatal outcomes, and high perinatal mortality. The
immune system plays a pivotal role in the normal progression of
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physiological pregnancy and fetal development. However, dysregulated
maternal systemic immune responses are major contributors to the
pathogenesis of EOPE [4]. Some systemic diseases associated with im-
mune disorders, such as systemic lupus erythematosus (SLE) [5], type 1
and type 2 diabetes (T1D, T2D) [6], chronic kidney disease (CKD) [7],
and rheumatoid arthritis (RA) [8], have been shown to increase the risk
of EOPE. Immune cells and multiple inflammatory factors actively
participate in maternal immune tolerance, trophoblast invasion, and
uterine spiral artery remodeling. Imbalances in these components are
closely linked to the pathogenesis of EOPE [3,4].

Despite the wealth of evidence from previous observational studies,
establishing a causal relationship between immune dysregulation and
the onset of PE remains challenging. The inherent limitations of obser-
vational studies hinder a comprehensive understanding of the associa-
tion between immune dysregulation and PE. This warrants further
investigations from different perspectives. Mendelian randomization
(MR) analysis, which leverages genetic information, offers a valuable
complement to observational studies [9]. It has been widely used to
explore causal links between exposures and diseases [10-13]. However,
only a few MR analyses have assessed the association between immune
system and PE [14,15]. Moreover, these previous MR studies considered
only a limited set of diseases or inflammatory factors. To address these
limitations, our current study employs a large two-step MR approach to
investigate the genetic associations of five systemic immune-associated
diseases, fourteen immune cell types, and seventeen inflammatory fac-
tors with the risk of PE. Research on the association between innate local
tissue inflammation and the risk of PE is limited [16]. Given that chronic
genital inflammation can lead to immune microenvironment dysregu-
lation, we investigated endometriosis and upper reproductive inflam-
mation to elucidate the role of genetically predicted genital
inflammation in PE. Considering that a significant portion of EOPE cases
often involve FGR and in the absence of direct EOPE data, we included
data from PE with FGR in our MR analyses to explore shared and distinct
genetic risk factors between these two diagnoses. These findings aim to
complement previous epidemiological studies and provide novel in-
sights into the pathogenesis of PE or PE with FGR.

2. Materials and methods
2.1. Data source

2.1.1. GWAS data of exposures and mediators

In this study, we included five systemic diseases, namely SLE [17],
T1D [18], T2D [19], CKD [20], and RA [21]. We also included four types
of genital inflammation obtained from FinnGen. Additionally, we ob-
tained GWAS summary data for fourteen immune cell types, including
leukocyte count, eosinophil count, basophil count, neutrophil count,
lymphocyte count, monocyte count [22]. This data covered both the
proportion of specific lymphocytes and their absolute count in blood
[23]. For inflammatory factors known to be associated with PE based on
prior research, we collected the GWAS summary data from multiple
sources, including the Cohorts for Heart and Aging Research in Genomic
Epidemiology (CHARGE) Inflammation Working Group (CIWG) [24], a
plasma proteome GWAS study that involved 4907 aptamers in 35,559
Icelanders [25], the KORA F4 study of 3080 subjects living in southern
Germany [26], the INTERVAL study that involved 3301 individuals of
European descent [27], and 21,758 participants from 13 cohorts of
European ancestry [28]. Additional details about the selected GWAS
data for the exposures and mediators are provided in Tables S1-S2.

2.1.2. GWAS data of outcomes

International guidelines define PE as the presence of new-onset hy-
pertension, proteinuria, or end-organ dysfunction in the later stages of
pregnancy. The diagnosis in this study was based on the International
Classification of Disease (ICD-10: 036.5). FGR is defined as abnormal
fetal growth in utero, often indicated by birth weight below the 10th
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percentile for gestational age or other signs of insufficient growth during
pregnancy. Its ICD codes are ICD-10: P05.1 and ICD-10: P05.2. Summary
data for PE and PE with FGR were extracted from FinnGen, which
included a total of 10,297 cases and 200,573 controls.

2.2. Mendelian randomization analysis

2.2.1. Selection of instrumental variables

The genetic instrumental variables (IVs) were chosen through a
multistep process. First, SNPs associated with the exposures or media-
tors were selected based on the conventional GWAS threshold (p < 5 x
10—8). Then, a linkage disequilibrium (LD) threshold of r2 < 0.001 and
a distance of 10,000 kb between the genetic instruments were applied to
ensure that the SNPs were independent of each other. All LD estimates
presented in this study were calculated using individuals of European
ancestry from the 1000 genomes reference panel (released in Oct 2012).
Next, the beta coefficients and standard errors of the selected SNPs from
the GWAS of PE were extracted. Ambiguous SNPs with inconsistent al-
leles and palindromic SNPs with ambiguous strands were either cor-
rected or excluded. To ensure the reliability of IVs, the strength of the
relationship between IVs and the phenotype was assessed using the F-
statistics. The F-statistic of the chosen IVs was ensured to be greater than
10, as calculated using the following equation [29].

2.2.2. Two-sample Mendelian randomization analysis

In this study, two-sample MR analyses were employed to investigate
the relationship between immune dysregulation and the risk of PE or PE
with FGR. This analysis was based on three key assumptions: (i) genetic
variants were associated with the exposures (or mediators); (ii) genetic
variants were independent of any confounding factors affecting the
exposure/mediator-outcome association; and (iii) genetic variants were
independent of the outcome and only associated with the outcome
through the gene expression of the exposures (or mediators). To account
for potential confounding factors, the PhenoScanner website (http
://www.phenoscanner.medschl.cam.ac.uk) was utilized to identify
and remove any confounders. The primary MR method was IVW, either
IVW-FE or IVW-RE, was selected based on Cochrane’s Q heterogeneity
test. Other two MR methods, namely MR-Egger, and weighted median,
were applied to estimate the causality between exposures or mediators
and the outcome. Furthermore, MR-Pleiotropy Residual Sum and Outlier
(MR-PRESSO) approaches [30] was applied to correct any outliers in the
study. The results were presented as odds ratios (ORs) with their cor-
responding 95 % confidence intervals (CIs).

2.2.3. Two-step and multivariable Mendelian randomization analysis

The significance of the mediation effect of specific inflammatory
biomarkers was assessed using a stepwise testing approach. In the first
stage regression, SNPs associated with immune dysregulation were
utilized to estimate the causal effect of the risk factors on the specific
inflammatory biomarkers, quantified as pXZ, through the standard two-
sample MR approach. In the second stage regression, we used MVMR
analysis to estimate the direct effect, fXY1 and the effect of the specific
inflammatory biomarkers on PE or PE with FGR, represented as BZY. The
mediation effect was then calculated as the product of BXZ and BZY. The
total effect, denoted as XY, represents the overall association between
the immune dysregulation with PE or PE with FGR. The mediation effect
was then calculated as the product of pXZ and PZY. The total effect,
denoted as pXY, represents the overall association between immune
dysregulation and PE or PE with FGR. We calculated the proportion of
the indirect effect of immune dysregulation on PE/PE with FGR that was
mediated by the inflammatory biomarkers by dividing the mediation
effect by the total effect. If either BXZ or PZY is not statistically signifi-
cant, the mediation is considered to be interrupted. If pXY1 is statisti-
cally significant, it indicates incomplete mediation, whereas
nonsignificance suggests complete mediation.
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2.2.4. SMR & HEIDI analysis

The SMR & HEIDI analyses can be interpreted as analyses to test if
the effect size of a SNP on the phenotype is mediated by gene expression
[30]. In our study, we utilized Blood eQTL summary statistics obtained
from eQTLGen, which includes genetic data on blood gene expression
from 31,684 individuals across 37 datasets [31], as the exposures. For
the outcomes, we selected GWAS data of PE, PE with FGR, T1D, T2D,
and RA. Our criteria for significant results were as follows: SMR
FDR<0.05, HEIDI P > 0.05, cis-eQTLs, and GWAS P < 1 x 10-5 [32].

2.2.5. Sensitivity analysis

MR-Egger, MR-Egger intercept, and MR-PRESSO analyses were
performed to estimate whether pleiotropy, which might affect the re-
sults of the MR analysis, was present. Scatter and funnel plots were
visually examined, and genetic variations with outlier estimates were
ruled out in the presence of excessive heterogeneity. Additionally, leave-
one-out analysis was performed by eliminating a single SNP one by one.

2.2.6. Statistical software

We carried out the two-step, two-sample MR analyses by utilizing R
version 4.2.2 (2022-10-31) (R Foundation for Statistical Computing,
Vienna, Austria, 2008) and R studio version 2022.07.2 Build 576 (Bos-
ton, MA, United States). MR analyses were performed in R with R
packages “VariantAnnotation”, “gwasglue”, “data.table”, “dplyr”,
“TwoSampleMR”, “MRPRESSO”, “MendelianRandomization”. The P
value was two-sided and the statistical significance was set at <0.05.

3. Results
3.1. Study design

A large two-step, two-sample MR analysis was conducted to explore
the relationships between systemic diseases (SLE, T1D, T2D, CKD, RA)
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and genital inflammation (endometriosis of uterus (EMoU), endome-
triosis of pelvic peritoneum (EMoP), uterus inflammation (UI), and
pelvic inflammation (PI)) with genetically predicted risk of PE or PE
with FGR. Excluding HLA (human leukocyte antigen)-related SNPs is a
common practice in genetic studies, especially those related to auto-
immune diseases. We used PhenoScanner to identify and remove these
SNPs, reducing potential confounding effects and enhancing clarity in
genetic associations outside the HLA region in autoimmune diseases.
The multivariable Mendelian randomization (MVMR) analysis was
employed to investigate whether these associations could be mediated
by circulating inflammatory biomarkers, including immune cells and
inflammatory factors. Then, summary-data-based (SMR) & HEIDI ana-
lyses were employed to identify the shared target genes and risk loci for
the mediators and outcomes. Fig. 1 provides a schematic diagram
illustrating our study design.

3.2. Association between immune dysregulation and PE or PE with FGR

The genetic association between immune dysregulation and PE or PE
with FGR was analyzed through MR, as depicted in Fig. 2. Given the
absence of heterogeneity among these systemic diseases, except for T2D,
we utilized IVW (inverse-variance-weighted method)-FE (fixed-effect)
to calculate their effects on outcomes, while employing IVW-RE
(random-effect) for T2D. Additionally, no horizontal pleiotropy was
detected in any of the diseases (Tables S3 and S4). In the two-sample MR
analysis, a significant positive correlation of exposures on PE was
observed among SLE (OR 1.03, 95 % CI 1.01 to 1.06 for IVW-FE, p 0.02),
T1D (OR 1.03, 95 % CI 1.01 to 1.05 for IVW-FE, p 0.01), and T2D (OR
1.22, 95 % CI 1.08 to 1.37 for IVW-RE, p 0.001). Moreover, when
examining the relationship between these diseases and PE with FGR,
T1D (OR 1.03, 95 % CI 1.01 to 1.04 for IVW-FE, p 0.0003), T2D (OR
1.09, 95 % CI 1.01 to 1.17 for IVW-RE, p 0.001), and RA (OR 1.06, 95 %
CI 1.02 to 1.10 for IVW-FE, p 0.01) were significantly associated with a

TSMR

SLE

CKD

RA

immune cells

T2D) |-————TSMR———P» inflammatory biomarkers

inflammatory
factors

TSMR————P>

BE

A
PE AND FGR

SMR SMR

Fig. 1. Conceptual schematic of the two-step Mendelian randomization for the proposed causal relationships between immune dysregulation, inflammatory markers,

and PE or PE with FGR.
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Fig. 2. The genetic association between immune dysregulation and PE or PE with FGR according to two-sample MR analysis.

higher risk of PE with FGR. A surprising and counterintuitive finding
was the significant negative association between EMoP and PE with FGR
(OR 0.95, 95 % CI 0.91 to 0.99 for IVW-FE, p 0.020), indicating a pro-
tective role of EMoP in PE with FGR.

3.3. Association between inflammatory biomarkers and PE or PE with
FGR

Significant between-SNP heterogeneity was detected for most of the
immune cells. No evidence of horizontal pleiotropy was found for any of
the biomarkers except for the absolute count of naive CD4" T cells
(Pintercept 0.02) in PE, monocyte count (Pintercept 0.049) and Natural
Killer (NK) cell count (Pintercept 0.021) in PE with FGR (Tables S5-6).

In the two-sample MR analysis, no association was observed between
inflammatory factors and PE or PE with FGR (Table S7), and no signif-
icant relationship between immune cells and PE (Table S5). However, a
positive relationship was found between lymphocyte count (OR 1.10,
95 % CI 1.01 to 1.21 for IVW-RE, p 0.04) and PE with FGR (Table S6).

To further investigate the impact of lymphocytes on PE with FGR,

additional specific subsets of lymphocytes, such as the proportion of NK
cells, CD4" T cells, CD8" T cells, and absolute counts of various lym-
phocytes, including naive CD4 " T cells, terminally differentiated CD4* T
cells, memory CD4" T cells, effector CD4™ T cells, CD4 regulatory T
cells, and NK cells, were included. Among these, significant effects were
observed for the proportion of NK cells (OR 0.95, 95 % CI 0.92 to 0.99
for IVW-FE, p 0.01) and absolute count of naive CD4™ T cells (OR 1.10,
95 % CI 1.02 to 1.20 for IVW-RE, p = 0.02) on PE with FGR (Table S7,
Fig. 3). These findings suggest that lymphocyte count, the effect of
which was mainly regulated by naive CD4* T cells, were associated with
a higher risk of PE with FGR. Meanwhile, the proportion of NK cells was
considered a protective factor against PE with FGR.

3.4. Mediation of inflammatory biomarkers between immune
dysregulation and PE with FGR

To investigate the mechanistic pathways underlying the causal re-
lationships between immune dysregulation and PE with FGR, a two-step
MR analysis was conducted with inflammatory biomarkers as mediator

PE PE with FGR
WBC count — — R
EOS count ﬁ;; %H
BAS count ———0—S—— —_—— f
NEU count e j —"——_ :
LYM count == =
MON count : %E ;ﬁ_ﬁy—_ : | study
NK Count — —Oﬁ_to__ e Weighted median
NK % LYM = = * MR Egger
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CD8+ T cell % LYM § i REEn
naive CD4+ T count =5 :.‘__'
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Fig. 3. The genetic association between immune cells and PE or PE with FGR according to two-sample MR analysis.
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variables. When utilizing GWAS data for T1D as the exposure of interest
and GWAS data for PE with FGR as the outcome, lymphocyte count was
identified as a significant intermediate variable linking T1D with PE
with FGR (Table 1). In more detail, there was a negative causal effect of
T1D on lymphocyte count (p < 0.05; p < 0), as well as a positive causal
effect of lymphocyte count on PE with FGR (p < 0.05; > 0). Impor-
tantly, these causal relationships remained significant even after
applying MVMR correction. Similarly, two-step MR analysis indicated
that naive CD4" T cells acted as an intermediate variable linking RA
with PE with FGR. However, after performing MVMR correction, these
causal relationships between naive CD4" T cells and PE with FGR
became non-significant (Table 1). Furthermore, there were no signifi-
cant effects of other inflammatory biomarkers as intermediaries in the
relationship between immune dysregulation and PE with FGR. In sum-
mary, two-step and MVMR analyses highlight a substantial and positive
causal effect of T1D on PE with FGR, with lymphocyte count playing an
incomplete mediating role in this relationship.

3.5. Identification of target genes and risk loci for PE with FGR by SMR
analysis

Expression quantitative trait loci (eQTL) refer to genetic variants
associated with gene expression phenotypes [32]. In our analyses uti-
lizing whole blood eQTL data and GWAS data for lymphocyte count, PE,
and PE with FGR for SMR analysis, we identified specific genes that
exhibited significant positive associations with risk loci for both
lymphocyte count and PE with FGR (Table 2). These genes include
SH2B3, ACAD10, MAPKAPK5-AS1, ADAM1B, and TMEM116. It sug-
gested that reduced expression of SH2B3 represents a shared risk factor
for both lymphocyte count and PE with FGR, while other gene variants
are protective factors. However, SH2B3 exhibits pleiotropy in the
context of lymphocyte count (HEIDI p < 0.05), whereas it does not
exhibit pleiotropy in relation to PE with FGR, indicating that the lower
expression of SH2B3 is associated with the pathogenesis of preeclampsia
combined with fetal growth restriction, possibly mediated through their
effects on lymphocyte count.

4. Discussion

In this study, we conducted a comprehensive analyses of the genetic
associations between a variety of innate immune dysregulated diseases
with the risk of PE or PE with FGR and identified mediators. Our findings
revealed that SLE, T1D, and T2D were associated with the occurrence of
PE, and T1D, T2D, RA, and surprisingly EMoP were associated with the
occurrence of PE with FGR. An intriguing phenomenon emerged from
our study, indicating a positive causal association between the count of
lymphocytes and PE with FGR, with a particularly notable effect
observed for naive CD4™ T cells. They also served as the mediators be-
tween T1D and PE with FGR. Conversely, the proportion of NK cells was
found to be negatively associated with PE with FGR, while the absolute
count of NK cells did not significantly affect PE with FGR. These novel
findings offer valuable insights into the complex interplay between the
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immune system and PE risk.

Numerous hypotheses for the etiologies of PE have been extensively
investigated, including placental syncytiotrophoblast stress [33],
diminished trophoblast differentiation [34], metabolomic dysfunction
[35], and a significant focus on innate immune dysregulation [36,37].
Conventional observational studies, including prospective cohort
studies, have inherent limitations in elucidating etiology, such as po-
tential confounders and information bias. Moreover, the absence of a
well-established animal model for PE presents challenges in validating
these hypotheses. Usually, choriocarcinoma cell lines or immortalized
trophoblast cell lines, which still exhibit significant differences from the
human placental formation process, are commonly used for simulating
trophoblast invasion or syncytialization. In comparison, MR analysis has
been chosen in this study to investigate the causal relationship between
innate immune dysregulation and PE, with several strengths: it is less
susceptible to confounders since genotypes are allocated during meiosis,
less susceptible to information bias since genotype information is
accurately obtained through sequencing, and easy to perform as it only
requires GWAS summary data, not individual data [38].

Previous population-based studies have investigated the association
between certain inflammatory traits and PE or EOPE. For instance, SLE
was associated with a significantly increased risk of PE (RR 7.8, 95 % CI
4.8 t012.9) [5]. T1D raised the risk of EOPE with an OR of 4.47 (95 % CI
3.77 t0 5.31) [39], and T2D also increased the risk of PE, with consistent
findings even when women were matched for BMI [40,41]. Epidemio-
logical observational studies have investigated the relationship between
RA and EOPE [8]. Moreover, a MR study also suggested a strong causal
relationship between RA and PE (OR 1.05, 95%CI 1.01 to 1.09, p < 0.05)
[42]. However, most studies did not specifically distinguish between
EOPE and LOPE. This lack of differentiation was also reflected in the
available GWAS databases, which typically did not classify EOPE sepa-
rately. Therefore, our investigation focused on examining the relation-
ships between PE or PE with FGR in relation to various systemic immune
disorders. The results revealed a positive causal relationship between
SLE, T1D, T2D, and PE. Additionally, T1D, T2D, and RA exhibited a
strong positive causal relationship with PE with FGR. These findings
suggested that systemic immune dysregulation may play distinct roles in
the development of PE and PE with FGR.

Endometriosis and obstetric complications may share common
pathophysiologic mechanisms, involving abnormal activation of
inflammation [43]. However, the relationship between endometriosis
and PE remains contentious. A meta-analysis reported no differences
between endometriosis and gestational hypertension or PE [44], while
another study indicated that endometriosis was associated with an
increased risk of PE (RR 1.47, 95 % CI 1.13 to 1.89, p = 0.003) [45].
These discrepancies could be attributed to the lack of subdivision based
on endometriosis locations, small sample sizes, and significant hetero-
geneity among studies. In our study, endometriosis of pelvic peritoneum
showed a significant negative association with PE with FGR. This un-
expected observation raises questions as it contradicts what is typically
observed in clinical settings. We suspect that ectopic endometrial
glandular cells may secrete various pro-angiogenic factors, promoting

Table 1
Two-step MR results of immune cells as a mediator variable for immune dysregulation and PE with FGR.
Method nsnp beta se pval OR 95%CI Ph Egger intercept Pintercept
T1D to LC MR Egger 139 —0.01 0.01 3.21E-02 0.99 [0.97, 0.99] 0.00 0.00 0.34
Weighted median 139 —0.01 0.00 3.67E-08 0.99 [0.98, 0.99]
Inverse variance weighted 139 —0.01 0.00 3.11E-02 0.99 [0.98, 0.99] 0.00
T1D to PE with FGR MVMR 14 0.05 0.02 2.40E-03 1.06 [1.02, 1.09]
LYM to PE with FGR MVMR 228 0.11 0.05 2.92E-02 1.12 [1.01, 1.23]
RA to naive T MR Egger 58 —0.20 0.07 3.66E-03 0.82 [0.72, 0.93] 0.05 0.02 0.09
Weighted median 58 -0.20 0.05 1.62E-04 0.82 [0.74, 0.91]
Inverse variance weighted 58 -0.11 0.04 7.16E-03 0.90 [0.83, 0.97] 0.03
RA to PE with FGR MVMR 0 —0.14 0.10 1.36E-01 0.87 [0.72, 1.05]
naive T to PE with FGR MVMR 19 0.04 0.03 1.16E-01 1.05 [0.99, 1.11]
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Table 2
Results by SMR analysis of eQTL data for blood and GWAS data for PE, PE with FGR, and lymphocyte count.
PE
Gene Chr  Probe_bp topSNP Al A2 Freq b_GWAS  p_GWAS b_eQTL p_eQTL b.SMR p_SMR p_HEIDI FDR
SH2B3 12 111,866,589 15587914 C T 0.20 —0.10 1.07E- —0.23 5.82E- 0.44 1.50E- 1.70E- 4.86E-
05 126 05 01 02
ACAD10 12 112,159,380 1510774634 G A 0.17 —0.11 2.62E- 0.10 1.05E-23 -1.07 2.09E- 5.73E- 4.86E-
06 05 02 02
MAPKAPKS5- 12 112,279,138 1516941759 A G 0.17 —0.12 2.48E- 0.45 0.00 —0.26 2.96E- 2.39E- 2.29E-
AS1 06 E+00 06 01 02
ADAM1B 12 112,365,821 157134084 A G 0.17 -0.12 2.48E- 0.41 2.21E-54 -0.28 6.57E- 4.14E- 2.97E-
06 06 01 02
TMEM116 12 112,410,027 154767068 G A 0.17 —0.11 3.04E- 0.48 0.00 —0.24 3.37E- 1.67E- 2.29E-
06 E+00 06 01 02
ERP29 12 112,456,187 1511066119 G A 0.09 -0.12 9.83E- -0.22 1.93E-53 0.56 2.15E- 3.67E- 4.86E-
06 05 03 02
PE with FGR
SH2B3 12 111,866,589 15587914 C T 0.20 -0.09 3.08E- -0.23 5.82E- 0.41 5.59E- 3.42E- 7.58E-
07 126 07 01 03
ACAD10 12 112,159,380 1510774634 G A 0.17 —0.10 2.18E- 0.10 1.05E-23 —-0.96 4.12E- 9.04E- 1.23E-
07 06 02 02
MAPKAPKS5- 12 112,279,138 1516941759 A G 0.17 -0.10 1.60E- 0.45 0.00 -0.21 1.94E- 4.30E- 8.77E-
AS1 06 E+00 06 02 03
ADAM1B 12 112,365,821 157134084 A G 0.17 —0.10 1.60E- 0.41 2.21E-54 —-0.23 4.55E- 1.17E- 1.23E-
06 06 01 02
TMEM116 12 112,410,027 154767068 G A 0.17 —0.10 1.42E- 0.48 0.00 —0.20 1.60E- 1.30E- 8.77E-
06 E-+00 06 01 03
LYM
SH2B3 12 111,866,589 15587914 C T 0.20 —0.05 1.59E- —0.23 5.82E- 0.23 9.34E- 8.59E- 5.29E-
31 126 26 11 23
ACAD10 12 112,159,380 1510774634 G A 0.17 —0.05 2.52E- 0.10 1.05E-23 —-0.45 1.59E- 1.24E- 2.45E-
23 12 06 10
MAPKAPKS5- 12 112,279,138 1516941759 A G 0.17 —0.05 1.59E- 0.45 0.00 —0.11 4.29E- 1.15E- 1.77E-
AS1 23 E+00 22 15 19
ADAM1B 12 112,365,821 157134084 A G 0.17 —0.05 6.06E- 0.41 2.21E-54 —0.12 2.64E- 8.57E- 7.80E-
24 17 09 15
TMEM116 12 112,410,027 154767068 G A 0.17 —0.05 7.35E- 0.48 0.00 —0.10 6.05E- 1.87E- 2.83E-
24 E+00 23 02 20

the remodeling of uterine spiral arteries during placental formation,
thereby reducing the occurrence of PE with FGR. Certainly, this
intriguing discovery warrants further investigation into its mechanisms,
as well as clinical research involving clinical data from real-world cases.
Due to the lack of typical clinical symptoms and difficulties in obtaining
samples for chronic pelvic and uterus inflammation, studies investi-
gating the relationship between innate upper reproductive tract
inflammation and PE were scarce, with only one report mentioning that
septic pelvic thrombophlebitis was commonly associated with PE (45 %)
[46]. Similarly, our study also revealed that inflammation in the upper
reproductive tract inflammation had no direct causal relationship with
PE or PE with FGR.

The association between inflammatory biomarkers and the devel-
opment of PE has indeed yielded conflicting and even contradictory
findings in various studies [47,48], leading to uncertainties and com-
plexities surrounding the role of these factors in the pathogenesis of PE.
Such discrepancies could be attributed to a variety of factors, such as the
distinct pathogenic mechanisms between EOPE and LOPE, the multi-
faceted nature of immune cell functions and inflammatory responses,
and the intricate nature of causal relationships among these factors. In
light of this, our study employed a two-sample MR analysis to provide
specific insights into the genetic-level associations of certain immune
cells and inflammatory factors with PE or PE with FGR. None of the
genetic variations in inflammatory factors directly led to the onset of PE
or PE with FGR. However, a genetic causal relationship was observed
between lymphocyte counts and PE with FGR. Further subtyping of
lymphocytes revealed that the risk effect may be attributed to the count
of naive CD4" T cells. An established model transfers naive CD4 " T cells
into immunodeficient mice, leading to inflammatory bowel diseases
after four weeks [49], suggesting the pro-inflammatory potential of
naive CD4™" T cells. However, their role in PE was not well-explored.

Naive CD4" T cells can differentiate into distinct mature subsets, like
Th1, Th2, Th17, and regulatory T cells (Treg cells), upon proper stim-
ulation. An imbalance between Tregs and effector T cells (Teffs) is
increasingly linked to PE [50-52]. Further research is needed to deter-
mine if an increase in naive CD4™ T cells alone triggers PE or if dysre-
gulation of differentiated T cell subsets is involved. In contrast, the
proportion of NK cells was found to have a negative causal relationship
with PE rather than the absolute number of NK cells. As the most
abundant lymphocytes during pregnancy, NK cells are recruited and
activated by ovarian hormones and play pivotal roles throughout
pregnancy [53], being fundamental to achieving embryo implantation
and successful pregnancy [54]. The phenotypic transformation of pe-
ripheral blood NK cells upon entering the maternal-fetal interface might
be one of the reasons why the absolute number of NK cell subtypes was
not causally related to PE, while the proportion of NK cells did show a
significant association.

Our study also revealed the expression of some specific immune-
associated genes mediated the occurrence of PE with FGR. SH2B3,
also known as Lnk (Lymphocyte adaptor protein), is known to negatively
regulate JAK-STAT signaling, a pathway essential for the development
and functioning of immune cells. Mutations or dysregulation of SH2B3
have been associated with various autoimmune diseases and hemato-
logical disorders, making it an important player in the field of immu-
nology and hematology research [55]. However, its role in the
pathogenesis of PE has not been extensively studied. Research has
shown that mice with a rs3184504 missense mutation created using
CRISPR-Cas9 technology did not exhibit hypertension on their own.
Still, during chronic Ang II infusion, they manifested a significant in-
crease in systolic blood pressure, approximately 10 mmHg, along with
associated renal and vascular dysfunction [55]. Pregnancy naturally
involves an endogenous increase in Ang II, which might potentially
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exacerbate hypertension related to SH2B3 polymorphisms, thereby
contributing to the development of PE. The specific mechanisms un-
derlying this association warrant further investigation. Furthermore,
SMR results suggested that SNP variants influencing lymphocyte count
were consistent with those contributing to PE with FGR, indicating that
SH2B3 may be involved in the pathogenesis of PE through its impact on
lymphocyte participation.

Compared to previous studies [56-58], this study has both strengths
and limitations. The strengths include a thorough examination of the
relationships between various autoimmune diseases and PE, specifically
PE with FGR. Moreover, the exclusion of SNPs associated with HLA
confounding factors provides a clearer depiction of key pathways. The
focus on lymphocytes has facilitated the identification of pathogenic
SNPs associated with expression levels. However, limitations include the
restriction of the analysis to the European population due to database
constraints as well as the absence of another cohort to validate the
conclusions.

5. Conclusions

In summary, we conducted a comprehensive MR analysis to explore
the genetic associations between systemic immune disorders, chronic
genital inflammation, immune cells, and inflammatory factors with PE
risk. Significant associations were observed between PE occurrence and
SLE, T1D, and T2D, while T1D, T2D, RA, and EMoP had a strong causal
relationship with PE with FGR. Notably, lymphocyte count could be a
mediator between T1D and PE with FGR. Potential therapeutic targets
and preventive strategies for PE may be focusing on SH2B3.

Credit author statement

CM and ZL contributed to the conception and design of the study. CM
performed the MR analysis and wrote the first draft of the manuscript.
JT provided technical guidance throughout the study and critical re-
visions to the manuscript. HY assisted in organizing the database. All
authors have read and agreed to the published version of the
manuscript.

Funding

This work was supported by the National Natural Science Foundation
of China (82073469 and 82273561 to J. Li), Natural Science Foundation
of Guangdong Province (2023A1515010146 to J. Li), the National Key
Research and Development Program of China (2021YFC2700700 to Z.
Wang), and The Fundamental Research Funds for the Central Univer-
sities, Sun Yat-sen University.

Institutional review board statement

Our study was a secondary analysis of publicly available data.
Informed consent was obtained from all participants as per the original
GWAS protocols, and all ethical approvals for the GWAS were obtained
by the original GWAS authors.

CRediT authorship contribution statement

Chumei Zeng: Conceptualization, Data curation, Formal analysis,
Writing - original draft. Huiying Liu: Data curation, Project adminis-
tration. Zilian Wang: Conceptualization, Funding acquisition, Super-
vision. Jingting Li: Funding acquisition, Resources, Supervision,
Writing - review & editing.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence

Journal of Translational Autoimmunity 8 (2024) 100226
the work reported in this paper.
Data availability
Data will be made available on request.
Acknowledgments

The authors were thankful for all the staff and participants who
contributed to the UK Biobank and FinnGen consortiums.

Appendix A. Supplementary data

Supplementary data to this article can be found online at .https
://doi.org/10.1016/j.jtauto.2023.100226

References

[1] L.A. Magee, K.H. Nicolaides, P. von Dadelszen, Preeclampsia. N Engl. J. Med. 386
(2022) 1817-1832.

[2] J.M. Roberts, J.W. Rich-Edwards, T.F. McElrath, L. Garmire, L. Myatt, Global
Pregnancy Collaboration, Subtypes of preeclampsia: recognition and determining
clinical usefulness, Hypertension 77 (5) (2021) 1430-1441.

[3] L Aneman, D. Pienaar, S. Suvakov, T.P. Simic, V.D. Garovic, L. McClements,
Mechanisms of key innate immune cells in early- and late-onset preeclampsia,
Front. Immunol. 11 (2020 Aug 18) 1864.

[4] E. Deer, O. Herrock, N. Campbell, D. Cornelius, S. Fitzgerald, L.M. Amaral, et al.,
The role of immune cells and mediators in preeclampsia, Nat. Rev. Nephrol. 19 (4)
(2023 Apr) 257-270.

[5] J.F. Simard, E.V. Arkema, C. Nguyen, E. Svenungsson, A.K. Wikstrom, K. Palmsten,
et al., Early-onset preeclampsia in lupus pregnancy, Paediatr. Perinat. Epidemiol.
31 (1) (2017 Jan) 29-36.

[6] L. Weissgerber Tracey, M. Mudd Lanay, Preeclampsia and diabetes, Curr. Diabetes
Rep. 15 (2015) 9.

[7] K. Onishi, E. Seagraves, D. Baraki, et al., Risk factors for early- and late-onset
superimposed preeclampsia, Am. J. Perinatol. (2023 Jun 19).

[8] H. Aljary, N. Czuzoj-Shulman, A.R. Spence, H.A. Abenhaim, Pregnancy outcomes
in women with rheumatoid arthritis: a retrospective population-based cohort
study, J. Matern. Fetal Neonatal Med. 33 (4) (2020 Feb) 618-624.

[9] E. Mendelian Birney, Randomization, Cold Spring Harb. Perspect. Med. 12 (2022)
a041302.

[10] Z. Liu, C. Song, C. Suo, H. Fan, T. Zhang, L. Jin, X. Chen, Alcohol consumption and
hepatocellular carcinoma: novel insights from a prospective cohort study and
nonlinear Mendelian randomization analysis, BMC Med. 20 (2022) 413.

[11] F.P. Hartwig, M.C. Borges, B.L. Horta, J. Bowden, G. Davey Smith, Inflammatory
biomarkers and risk of schizophrenia: a 2-sample mendelian randomization study,
JAMA Psychiatr. 74 (2017) 1226-1233.

[12] Z. Liu, C. Suo, H. Fan, T. Zhang, L. Jin, X. Chen, Dissecting causal relationships
between nonalcoholic fatty liver disease proxied by chronically elevated alanine
transaminase levels and 34 extrahepatic diseases, Metabolism 135 (2022), 155270.

[13] S. Yuan, S.C. Larsson, An atlas on risk factors for type 2 diabetes: a wide-angled
Mendelian randomisation study, Diabetologia 63 (2020) 2359-2371.

[14] D. Zhang, Y. Hu, W. Guo, Y. Song, L. Yang, S. Yang, et al., Mendelian
randomization study reveals a causal relationship between rheumatoid arthritis
and risk for pre-eclampsia, Front. Immunol. 13 (2022 Dec 12), 1080980.

[15] Q. Zhong, C. Yao, W. Zhong, Causal relationship between inflammation and
preeclampsia: genetic evidence from a mendelian randomization study, Twin Res.
Hum. Genet. (2023 Jul 17) 1-5.

[16] C.M. Isler, B.K. Rinehart, D.A. Terrone, J.H. Crews, E.F. Magann, J.N. Martin Jr.,
Septic pelvic thrombophlebitis and preeclampsia are related disorders, Hypertens.
Pregnancy 23 (1) (2004) 121-127.

[17] J. Bentham, D.L. Morris, D.S.C. Graham, C.L. Pinder, P. Tombleson, T.W. Behrens,
et al., Genetic association analyses implicate aberrant regulation of innate and
adaptive immunity genes in the pathogenesis of systemic lupus erythematosus,
Nat. Genet. 47 (12) (2015 Dec) 1457-1464.

[18] V. Forgetta, D. Manousaki, R. Istomine, S. Ross, M.C. Tessier, L. Marchand, et al.,
Rare genetic variants of large effect influence risk of type 1 diabetes, Diabetes 69
(4) (2020 Apr) 784-795.

[19] A. Mahajan, J. Wessel, S.M. Willems, W. Zhao, N.R. Robertson, A.Y. Chu, et al.,
Refining the accuracy of validated target identification through coding variant
fine-mapping in type 2 diabetes, Nat. Genet. 50 (4) (2018 Apr) 559-571.

[20] C. Pattaro, A. Teumer, M. Gorski, A.Y. Chu, M. Li, V. Mijatovic, et al., Genetic
associations at 53 loci highlight cell types and biological pathways relevant for
kidney function, Nat. Commun. 7 (2016 Jan 21), 10023.

[21] E. Ha, S.C. Bae, K. Kim, Large-scale meta-analysis across East Asian and European
populations updated genetic architecture and variant-driven biology of rheumatoid
arthritis, identifying 11 novel susceptibility loci, Ann. Rheum. Dis. 80 (5) (2021
May) 558-565.

[22] W.J. Astle, H. Elding, T. Jiang, D. Allen, D. Ruklisa, A.L. Mann, et al., The allelic
landscape of human blood cell trait variation and links to common complex
disease, Cell 167 (5) (2016 Nov 17), 1415-1429.e19.


https://doi.org/10.1016/j.jtauto.2023.100226
https://doi.org/10.1016/j.jtauto.2023.100226
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref1
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref1
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref2
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref2
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref2
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref3
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref3
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref3
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref4
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref4
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref4
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref5
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref5
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref5
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref6
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref6
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref859
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref859
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref8
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref8
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref8
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref9
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref9
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref10
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref10
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref10
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref11
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref11
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref11
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref12
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref12
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref12
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref13
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref13
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref14
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref14
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref14
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref15
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref15
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref15
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref16
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref16
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref16
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref17
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref17
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref17
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref17
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref18
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref18
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref18
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref19
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref19
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref19
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref20
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref20
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref20
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref21
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref21
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref21
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref21
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref22
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref22
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref22

C. Zeng et al.

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

V. Orrii, M. Steri, C. Sidore, M. Marongiu, V. Serra, S. Olla, et al., Complex genetic
signatures in immune cells underlie autoimmunity and inform therapy, Nat. Genet.
52 (10) (2020 Oct) 1036-1045.

S. Ligthart, A. Vaez, U. Vosa, M.G. Stathopoulou, P.S. de Vries, B.P. Prins, et al.,
Genome analyses of >200,000 individuals identify 58 loci for chronic
inflammation and highlight pathways that link inflammation and complex
disorders, Am. J. Hum. Genet. 103 (5) (2018 Nov 1) 691-706.

E. Ferkingstad, P. Sulem, B.A. Atlason, G. Sveinbjornsson, M.I. Magnusson, E.

L. Styrmisdottir, et al., Large-scale integration of the plasma proteome with
genetics and disease, Nat. Genet. 53 (12) (2021 Dec) 1712-1721.

K. Suhre, M. Arnold, A.M. Bhagwat, R.J. Cotton, R. Engelke, J. Raffler, et al.,
Connecting genetic risk to disease end points through the human blood plasma
proteome, Nat. Commun. 8 (2017 Feb 27), 14357.

B.B. Sun, J.C. Maranville, J.E. Peters, D. Stacey, J.R. Staley, J. Blackshaw, et al.,
Genomic atlas of the human plasma proteome, Nature 558 (7708) (2018 Jun)
73-79.

L. Folkersen, S. Gustafsson, Q. Wang, D.H. Hansen, AK. Hedman, A. Schork, et al.,
Genomic and drug target evaluation of 90 cardiovascular proteins in 30,931
individuals, Nat. Metab. 2 (10) (2020 Oct) 1135-1148.

G. Zhu, S. Zhou, Y. Xu, R. Gao, H. Li, B. Zhai, X. Liu, Y. He, X. Wang, G. Han, et al.,
Mendelian randomization study on the causal effects of omega-3 fatty acids on
rheumatoid arthritis, Clin. Rheumatol. 41 (2022) 1305-1312.

M. Verbanck, C.Y. Chen, B. Neale, R. Do, Detection of widespread horizontal
pleiotropy in causal relationships inferred from Mendelian randomization between
complex traits and diseases, Nat. Genet. 50 (5) (2018) 693-698.

Z. Zhu, F. Zhang, H. Hu, et al., Integration of summary data from GWAS and eQTL
studies predicts complex trait gene targets, Nat. Genet. 48 (2016 Mar 28) 481-487.
U. Vosa, A. Claringbould, H.J. Westra, M.J. Bonder, P. Deelen, B. Zeng, et al.,
Large-scale cis- and trans-eQTL analyses identify thousands of genetic loci and
polygenic scores that regulate blood gene expression, Nat. Genet. 53 (9) (2021)
1300-1310.

U. Vosa, A. Claringbould, H.J. Westra, M.J. Bonder, P. Deelen, B. Zeng, et al.,
Large-scale cis- and trans-eQTL analyses identify thousands of genetic loci and
polygenic scores that regulate blood gene expression, Nat. Genet. 53 (9) (2021)
1300-1310.

A. Natenzon, P. McFadden, S.C. DaSilva-Arnold, S. Zamudio, N.P. Illsley,
Diminished trophoblast differentiation in early onset preeclampsia, Placenta 120
(2022 Mar 24) 25-31.

K. Kawasaki, E. Kondoh, Y. Chigusa, Y. Kawamura, H. Mogami, S. Takeda, et al.,
Metabolomic profiles of placenta in preeclampsia, Hypertension 73 (3) (2019 Mar)
671-679.

M. Broekhuizen, E. Hitzerd, T.P.P. van den Bosch, J. Dumas, R.M. Verdijk, B.B. van
Rijn, et al., The placental innate immune system is altered in early-onset
preeclampsia, but not in late-onset preeclampsia, Front. Immunol. 12 (2021 Dec
21), 780043.

P.Y. Robillard, G. Dekker, M. Scioscia, S. Saito, Progress in the understanding of the
pathophysiology of immunologic maladaptation related to early-onset
preeclampsia and metabolic syndrome related to late-onset preeclampsia, Am. J.
Obstet. Gynecol. 226 (2S) (2022 Feb) S867-S875.

I. Aneman, D. Pienaar, S. Suvakov, T.P. Simic, V.D. Garovic, L. McClements,
Mechanisms of key innate immune cells in early- and late-onset preeclampsia,
Front. Immunol. 11 (2020 Aug 18) 1864.

G. Davey Smith, G. Mendelian Hemani, randomization, Genetic anchors for causal
inference in epidemiological studies, Hum. Mol. Genet. 23 (2014) R89-R98.

M. Persson, M. Norman, U. Hanson, Obstetric and perinatal outcomes in type 1
diabetic pregnancies: a large, population-based study, Diabetes Care 32 (11)
(2009) 2005-2009.

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

Journal of Translational Autoimmunity 8 (2024) 100226

B. Groen, T.P. Links, P.P. van den Berg, M. Hellinga, S. Moerman, G.H. Visser, et
al., Similar adverse pregnancy outcome in native and nonnative Dutch women with
pregestational type 2 diabetes: a multicentre retrospective study, ISRN Obstetrics
Gynecol. 2013 (2013), 361435.

K.M. Knight, E.K. Pressman, D.N. Hackney, L.L. Thornburg, Perinatal outcomes in
type 2 diabetic patients compared with non-diabetic patients matched by body
mass index, J. Matern. Fetal Neonatal Med. 25 (6) (2012) 611-615.

D. Zhang, Y. Hu, W. Guo, Y. Song, L. Yang, et al., Mendelian randomization study
reveals a causal relationship between rheumatoid arthritis and risk for pre-
eclampsia, Front. Immunol. 13 (2022 Dec 12), 1080980.

H. Kobayashi, N. Kawahara, K. Ogawa, C. Yoshimoto, A relationship between
endometriosis and obstetric complications, Reprod. Sci. 27 (3) (2020 Mar)
771-778.

F. Zullo, E. Spagnolo, G. Saccone, M. Acunzo, S. Xodo, M. Ceccaroni, et al.,
Endometriosis and obstetrics complications: a systematic review and meta-
analysis, Fertil. Steril. 108 (4) (2017 Oct) 667-672.e5.

K. Drummond, N.M. Danesh, S. Arseneault, J. Rodrigues, T. Tulandi, J. Raina,

E. Suarthana, Association between endometriosis and risk of preeclampsia in
women who conceived spontaneously: a systematic review and meta-analysis,

J. Minim. Invasive Gynecol. 30 (2) (2023 Feb) 91-99.

C.M. Isler, B.K. Rinehart, D.A. Terrone, J.H. Crews, E.F. Magann, J.N. Martin Jr.,
Septic pelvic thrombophlebitis and preeclampsia are related disorders, Hypertens.
Pregnancy 23 (1) (2004) 121-127.

J.A. Goldstein, K. Gallagher, C. Beck, R. Kumar, A.D. Gernand, Maternal-fetal
inflammation in the placenta and the developmental origins of health and disease,
Front. Immunol. 11 (2020 Nov 13), 531543.

M. Michalczyk, A. Celewicz, M. Celewicz, P. Wozniakowska-Gondek, R. Rzepka,
The role of inflammation in the pathogenesis of preeclampsia, Mediat. Inflamm.
2020 (2020 Oct 5), 3864941.

C. Mottet, H.H. Uhlig, F. Powrie, Cutting edge: cure of colitis by CD4+CD25+
regulatory T cells, J. Inmunol. 170 (8) (2003 Apr 15) 3939-3943, https://doi.org/
10.4049/jimmunol.170.8.3939.

F. Sava, G. Toldi, A. Treszl, J. Hajdd, A. Harmath, T. Tulassay, et al., Expression of
lymphocyte activation markers of preterm neonates is associated with perinatal
complications, BMC Immunol. 17 (1) (2016 Jun 21) 19.

T.A. Nguyen, D.A. Kahn, A.I. Loewendorf, Maternal-Fetal rejection reactions are
unconstrained in preeclamptic women, PLoS One 12 (11) (2017 Nov 27),
e0188250.

X. Zhang, H. Wei, Role of decidual natural killer cells in human pregnancy and
related pregnancy complications, Front. Immunol. 12 (2021 Aug 26), 728291.

1. Diaz-Hernandez, D. Alecsandru, J.A. Garcia-Velasco, F. Dominguez, Uterine
natural killer cells: from foe to friend in reproduction, Hum. Reprod. Update 27 (4)
(2021 Jun 22) 720-746.

H. Dou, A. Kotini, W. Liu, T. Fidler, K. Endo-Umeda, X. Sun, et al., Oxidized
phospholipids promote NETosis and arterial thrombosis in LNK(SH2B3) deficiency,
Circulation 144 (24) (2021 Dec 14) 1940-1954.

M. Arleevskaya, E. Takha, S. Petrov, G. Kazarian, A. Novikov, R. Larionova, et al.,
Causal risk and protective factors in rheumatoid arthritis: a genetic update,

J. Transl. Autoimmun 4 (2021 Sep 3), 100119.

X. Zhang, X. Wu, L. Chen, et al., Autoimmune diseases and risk of gestational
diabetes mellitus: a Mendelian randomization study, Acta Diabetol. (2023 Oct 7).
Q. Wang, S. Jia, Q. Lu, M. Zhao, Systemic lupus erythematosus is associated with
the risk of coeliac disease: a Mendelian randomisation study, Autoimmunity 56 (1)
(2023 Dec), 2250103.


http://refhub.elsevier.com/S2589-9090(23)00039-4/sref23
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref23
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref23
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref24
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref24
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref24
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref24
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref25
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref25
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref25
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref26
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref26
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref26
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref27
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref27
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref27
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref28
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref28
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref28
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref29
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref29
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref29
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref30
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref30
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref30
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref31
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref31
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref32
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref32
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref32
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref32
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref33
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref33
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref33
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref33
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref34
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref34
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref34
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref35
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref35
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref35
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref36
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref36
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref36
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref36
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref37
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref37
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref37
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref37
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref38
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref38
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref38
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref39
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref39
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref40
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref40
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref40
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref41
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref41
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref41
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref41
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref42
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref42
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref42
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref43
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref43
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref43
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref44
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref44
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref44
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref45
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref45
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref45
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref46
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref46
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref46
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref46
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref47
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref47
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref47
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref48
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref48
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref48
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref49
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref49
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref49
https://doi.org/10.4049/jimmunol.170.8.3939
https://doi.org/10.4049/jimmunol.170.8.3939
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref51
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref51
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref51
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref52
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref52
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref52
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref53
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref53
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref54
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref54
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref54
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref55
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref55
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref55
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref56
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref56
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref56
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref959
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref959
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref58
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref58
http://refhub.elsevier.com/S2589-9090(23)00039-4/sref58

	Novel insights into the complex interplay of immune dysregulation and inflammatory biomarkers in preeclampsia and fetal gro ...
	1 Introduction
	2 Materials and methods
	2.1 Data source
	2.1.1 GWAS data of exposures and mediators
	2.1.2 GWAS data of outcomes

	2.2 Mendelian randomization analysis
	2.2.1 Selection of instrumental variables
	2.2.2 Two-sample Mendelian randomization analysis
	2.2.3 Two-step and multivariable Mendelian randomization analysis
	2.2.4 SMR & HEIDI analysis
	2.2.5 Sensitivity analysis
	2.2.6 Statistical software


	3 Results
	3.1 Study design
	3.2 Association between immune dysregulation and PE or PE with FGR
	3.3 Association between inflammatory biomarkers and PE or PE with FGR
	3.4 Mediation of inflammatory biomarkers between immune dysregulation and PE with FGR
	3.5 Identification of target genes and risk loci for PE with FGR by SMR analysis

	4 Discussion
	5 Conclusions
	Credit author statement
	Funding
	Institutional review board statement
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgments
	Appendix A Supplementary data
	References


