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Excessive immune activation contributes to the onset of early dysfunction of the maternal-fetal interface, and it is closely linked to
the development of pre-eclampsia. However, the effect of specific immune cells on the risk of pre-eclampsia and eclampsia
remains controversial. We investigated the causal relationship between immune cells and pre-eclampsia and eclampsia. For
exposure, we extracted genetic variants associated with immune cell-related traits, and for outcomes, we used summary genetic
data of pre-eclampsia/eclampsia. A two-sample Mendelian randomization (MR) analysis was then performed to assess the
causal relationship. Robustness of the MR results was then evaluated through colocalization analysis. We found that genetically
proxied circulating lymphocyte absolute count was causally associated with total eclampsia (odds ratio OR = 1 53, 95%
confidence interval (CI) (1.31-1.79), p = 1 15E − 07) and pre-eclampsia (OR = 1 50, 95% CI (1.28-1.77), p = 9 18E − 07); T cell
absolute count was causally associated with total eclampsia (OR = 1 49, 95% CI (1.28-1.73), p = 2 73E − 07) and pre-eclampsia
(OR = 1 47, 95% CI (1.25-1.72), p = 1 76E − 06). And CD28- CD25+ CD8+ T cell absolute count was causally associated with
total eclampsia (OR = 1 83, 95% CI (1.44-2.32), p = 7 11E − 07) and pre-eclampsia (OR = 1 77, 95% CI (1.38-2.26), p = 6 55E −
06). Colocalization analysis revealed that immune cell-related traits shared the same variant with pre-eclampsia/eclampsia. Our
study suggested causal effects of genetic predisposition to high lymphocyte absolute count levels, T cell absolute count, and
CD28- CD25+ CD8+ T cell absolute count on eclampsia, particularly pre-eclampsia risk, providing crucial new insights into
the potential prevention target for eclampsia and pre-eclampsia.

1. Introduction

Pre-eclampsia and eclampsia are two of the most serious
acute multisystemic disorders during pregnancy [1] and are
significant determinants of maternal and neonatal mortality
on a global scale [2, 3]. These conditions affect 3–8% of all
pregnancies and contribute to 50,000–60,000 maternal
deaths annually worldwide [4]. Pre-eclampsia is associated
with an elevated susceptibility to adverse pregnancy out-
comes, such as preterm birth and intrauterine growth restric-
tion, thereby amplifying the risk of low birth weight [5].
Furthermore, it is intricately linked to serious maternal and
neonatal health complications, including chronic hyperten-

sion, maternal end-stage renal disease, and neonatal pulmo-
nary dysplasia [6–8].

The precise etiology of pre-eclampsia remains elusive,
although our current understanding suggests that women
afflicted with pre-eclampsia exhibit increased uterine artery
resistance due to impaired immune regulation. This, in turn,
contributes to the activation of the maternal endothelium
and the onset of systemic chronic inflammation [9]. Multi-
ple studies have found that immune cells change signifi-
cantly in women with pre-eclampsia. For example, several
studies have found alterations in the relative frequencies of
circulating T cell subsets, including CD4+ T cells, CD8+ T
cells, and γδ T cells [10, 11]. Nevertheless, the majority of
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preceding investigations were conducted in a cross-sectional
manner, thus posing a challenge in establishing any causal
relationship between exposure and outcome. Furthermore,
confounding factors such as age and environmental influ-
ences can confound the association between immune cells
and pre-eclampsia. Consequently, the ability to draw causal
inferences regarding the role of immune cells in the develop-
ment of pre-eclampsia was limited.

Mendelian randomization (MR) presents a robust means
to investigate the causal relationship between immune cells
and pre-eclampsia by genetic variants (single nucleotide
polymorphisms (SNPs)) [12], and it is also less susceptible
to the shortcomings of classical epidemiological studies,
such as confounding bias, information bias, and selection
bias [13]. Recently, the application of MR has gained signif-
icant traction in elucidating the causal link between immune
cells and various diseases such as hypertension [14], amyo-
trophic lateral sclerosis [15], and multiple sclerosis [16]. In
this study, we utilized MR and colocalization analysis to
investigate the potential causal association between immune
cells and pre-eclampsia.

2. Materials and Methods

2.1. Study Design. A comprehensive depiction of the study is
presented in Figure 1. First, we selected instrumental vari-
ables (IVs) (p < 5E − 08) for immune cell-related traits and
extracted the available summary data from the latest and
largest genome-wide association study (GWAS) for pre-
eclampsia/eclampsia. Second, we carried out a two-sample
MR with a series of sensitivity analyses. Third, we employed
a colocalization analysis to assess whether the immune cell-
related traits and pre-eclampsia/eclampsia share the same
causal SNP in the same specific region.

2.2. Data Sources for Two-Sample MR

2.2.1. Selection of Exposure. We collected available GWAS
summary data for immune cell-related traits from the Sar-
diNIA project [17] from a relevant subset of 3,757 participants
who had undergone immune profiling. A total of 25ml of
blood was collected from each participant and subsequently
fractionated to yield serum, EDTA plasma, heparin plasma,
white blood cells, and red blood cells. All participants provided
informed consent to abide by the study protocols, which were
duly approved by the Sardinian Regional Ethics Committee.
This specific substudy reported about 22 million variants on
a total of 731 immune cell traits, including 118 absolute cell
counts, 192 relative counts (ratios between cell levels), 389
median fluorescence intensities of surface antigens, and 32
morphological parameters [18]. GWAS summary data for
the immune cell-related traits are available at https://www
.ebi.ac.uk/gwas/publications/32929287. More patient demo-
graphic information for the SardiNIA project is shown in
Table S1.

2.2.2. Selection of Outcomes. We assembled aggregated data
on pre-eclampsia/eclampsia from FinnGen, a major public-
private partnership set up to capture and analyze genetic
and health data on over half a million people. The discharge

and cause of death registries in FinnGen diagnose women
with pre-eclampsia/eclampsia based on the International
Classification of Diseases (ICD-10: O14 and ICD-8: 6370).
In total, 6,436 cases and 176,113 controls were identified
(https://www.finngen.fi/en/access_results).

The participants shared a homogeneous genetic back-
ground characterized by European ancestry, and there was
no overlap in samples between immune cell traits and
GWASs conducted for pre-eclampsia/eclampsia.

2.2.3. SNP Selection.We selected SNPs that were found to be
robustly associated with immune cell traits as IVs (p < 5E −
08). To ensure conditional independence, we established two
stringent criteria for selection (LD threshold of r2 < 0 001
and a minimum distance of 10,000 kb between them). The
F-statistic was utilized as a metric to quantify the strength
of the association between the IVs and the exposures of
interest.

2.3. Statistical Analysis

2.3.1. Two-Sample Mendelian Randomization. In order to
assess the causal impact of immune cell traits on pre-eclamp-
sia/eclampsia, we employed a conventional MR framework.
For an instrumental IV to be considered valid, it must satisfy
three essential assumptions: (1) truly associated with immune
cell traits (defined here as p < 5E − 08), (2) not associated with
confounders of immune cell traits and pre-eclampsia/eclamp-
sia, and (3) only associated with pre-eclampsia/eclampsia
through immune cell traits (Figure S1).

To examine the causal impacts of immune cell traits on
the occurrence of pre-eclampsia/eclampsia, we utilized the
inverse-variance-weighted (IVW) method [19], using the
Wald ratio when only a single SNP was available. The IVW
method was chosen for its recognized statistical potency in
the presence of valid IVs that can yield robust estimates of
causal effects.

2.3.2. Sensitivity Analysis. In order to assess whether there
were any violations of the three IV assumptions, we
employed Cochran’s Q-test to evaluate the heterogeneity of
the results [20]. Additionally, the MR-Egger intercept test
was used to detect potential indications of horizontal pleiot-
ropy, where an intercept p value > 0.05 suggests that there is
no horizontal pleiotropy [21]. We took the Wald ratio or
IVW results as the primary associations (adjusted p value
< 0.05 after Bonferroni corrections for multiple comparisons
by 0.05/731).

2.3.3. Colocalization Analysis. Colocalization analysis is a
statistical method to investigate whether two distinct genetic
traits share a common underlying causal variable [22].
Briefly, colocalization analysis revolves around five key
hypotheses: H0, no association with either trait; H1, associa-
tion with trait 1 but not with trait 2; H2, association with
trait 2 but not with trait 1; H3, association with both traits
1 and 2, with 2 independent SNPs; and H4, association with
both traits 1 and 2, with a single shared SNP. In this analysis,
posterior probability for H4 (PPH4) exceeding 95% means
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that the gene expressions and pre-eclampsia/eclampsia are
not only associated but also share a common causal SNP.

All MR analysis was performed in R (version 4.2.0) with
the R packages “TwoSampleMR” and “coloc.” Results are
presented as odds ratios with respective 95% confidence
intervals (CIs).

3. Results

3.1. Exposure and Outcome. Information on immune cell
traits and pre-eclampsia/eclampsia GWAS datasets in the
MR study is shown in Table 1. In total, we used 2,481 SNPs
as IVs for 605 immune cell traits (F-statistics: 15.7-996.1).
Power calculation results can be found in Supplementary
Table S2.

3.2. Main Findings. Table 2 shows the MR results for the
effects of immune cell traits on pre-eclampsia/eclampsia.
Genetically determined lymphocyte absolute count was
causally associated with total eclampsia (OR = 1 53, 95% CI
(1.31-1.79), p = 1 15E − 07) and pre-eclampsia (OR = 1 50,
95% CI (1.28-1.77), p = 9 18E − 07) in IVW; genetically
determined T cell absolute count was causally associated
with total eclampsia (OR = 1 49, 95% CI (1.28-1.73), p =
2 73E − 07) and pre-eclampsia (OR = 1 47, 95% CI (1.25-
1.72), p = 1 76E − 06) in IVW; and CD28- CD25+ CD8+
T cell absolute count was causally associated with total
eclampsia (OR = 1 83, 95% CI (1.44-2.32), p = 7 11E − 07)
and pre-eclampsia (OR = 1 77, 95% CI (1.38-2.26), p =
6 55E − 06) in terms of the Wald ratio (Figure 2). There
was little evidence for causal effects for other immune cell
traits on total pre-eclampsia/eclampsia, single pre-eclampsia,
and single eclampsia (Table S3, S4, and S5), and there was no
heterogeneity for immune cell traits according to Cochran’s

Q-test (Table 2). The MR-Egger intercept test showed no
results due to too few SNPs.

3.3. Colocalization Analysis. Colocalization analysis revealed
that circulating lymphocytes (PPH4 = 0 952), T cells (PPH4
= 0 953), and CD28- CD25+ CD8+ T cells (PPH4 = 0 999)
shared the same variants with pre-eclampsia and eclampsia
(Table 3).

4. Discussion

In this study, we aimed to unravel the underlying genetic
architecture that elucidates the observed association between
immune cell characteristics and the occurrence of pre-
eclampsia/eclampsia. Our findings collectively demonstrate
significant associations between genetically predicted lym-
phocyte and T cell count and the risk of pre-eclampsia, as
well as the combined occurrence of pre-eclampsia and
eclampsia.

A complex interplay of acquired, genetic, and immune
risk factors collectively contributes to the onset of early
placental dysfunction, and many researchers believe that
an abnormal maternal immune response to the fetus is the
initiating factor in the development of eclampsia. Moreover,
this process involves cells of the innate and adaptive
immune systems, including neutrophils, monocytes, natural
killer (NK) cells, and T lymphocytes. This dysfunction also
triggers the release of antiangiogenic factors ultimately cul-
minating in subsequent multiorgan dysfunction [23]. Previ-
ous research has indicated that T cell subset composition
and activation status at the uteroplacental interface are com-
parable to that found in the peripheral blood [24]. Addition-
ally, immune cells in the peripheral blood have been shown
to be associated with eclampsia and are more susceptible to
monitoring and intervention, so we chose to assess the
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Figure 1: Diagram of the MR framework used in this study.

3Journal of Pregnancy



Table 1: Characteristics of immune cell traits and pre-eclampsia/eclampsia datasets.

Phenotype Data source Sample size (cases) Population Year of publication PubMed ID/GWAS ID

Exposures

Immune cell traits Valeria Orrù 3757 European 2020 PMID: 32929287

Outcomes

Pre-eclampsia/eclampsia FinnGen 182,549 (6436) European 2021 finn-b-O15_PRE_OR_ECLAMPSIA

Pre-eclampsia FinnGen 182,035 (5922) European 2021 finn-b-O15_PREECLAMPS

Eclampsia FinnGen 176,539 (426) European 2021 finn-b-O15_ECLAMPSIA

SNP: single nucleotide polymorphism; F > 10 in MR analysis means there was significant association between IV and immune cell traits.

Table 2: Two-sample Mendelian randomization estimations showing the effects of immune cell traits on the risk of pre-eclampsia/
eclampsia.

Outcomes Exposures
Inverse-variance weighted

OR (95% CI) p value Q-statistic p valuea

Pre-eclampsia/eclampsia

Lymphocyte absolute count 1.53 (1.31-1.79) 1.15E-07 0.001 9.87E-01

T cell absolute count 1.49 (1.28-1.73) 2.73E-07 0.038 8.46E-01

CD28- CD25++ CD8+ T cell absolute count 1.83 (1.44-2.32) 7.11E-07 NA NA

Pre-eclampsia

Lymphocyte absolute count 1.50 (1.28-1.77) 9.18E-07 0.007 9.34E-01

T cell absolute count 1.47 (1.25-1.72) 1.76E-06 0.096 7.56E-01

CD28- CD25++ CD8+ T cell absolute count 1.nn (1.38-2.26) 6.55E-06 NA NA

OR: odds ratio; CI: confidence interval. ap value < 0.05 indicates the presence of heterogeneity. bp value < 0.05 indicates the presence of horizontal pleiotropy.

OR

1.53 (1.31-1.79)

1.49 (1.28-1.73)

1.83 (1.44-2.32)

1.5 (1.28-1.77)

1.47 (1.25-1.72)

1.77 (1.38-2.26)

0.1 0.5 1 1.5 2 2.5
OR for change of immune cell traits on the risk of pre−eclampsia or eclampsia

Pre-eclampsia
or eclampsia

Lymphocyte absolute count

T cell absolute count

CD28-CD25++ CD8+ T cell
absolute count

Lymphocyte absolute count

CD28-CD25++ CD8+ T cell
absolute count

T cell absolute count

Pre-eclampsia

Outcome Exposure

Figure 2: The association between genetically determined immune cell traits and the risk of pre-eclampsia/eclampsia. OR: odds ratio.

Table 3: Colocalization analysis showing the immune cell-related traits and pre-eclampsia/eclampsia GWAS associations shared a causal
SNP in the given region.

Outcome Exposures PPH0 PPH1 PPH2 PPH3 PPH4

Pre-eclampsia/eclampsia

Lymphocyte absolute count 5.26E-04 4.71E-02 1.06E-05 0 9.52E-01

T cell absolute count 9.21E-06 4.71E-02 1.86E-07 0 9.53E-01

CD28- CD25++ CD8+ T cell absolute count 3.88E-06 5.35E-04 7.24E-06 0 9.99E-01

PPH: posterior probability of hypothesis; PPH4 > 95% indicates that the immune cell-related traits and pre-eclampsia/eclampsia share a single causal SNP.
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causal relationship between peripheral immune cell-related
traits and the risk of pre-eclampsia/eclampsia.

Previous studies have shown that abnormalities in lym-
phocytes and pre-eclampsia often occur together [25]. A
recent study investigated the involvement of Treg cells and
Th1/Th2/Th17 cytokines in both healthy and pathological
pregnancies [26] and found a noteworthy reduction in
anti-inflammatory cytokines, namely, IL-10 and IL-4, in
addition to a substantial elevation of proinflammatory cyto-
kines such as IL-17 and IL-2 in individuals affected by pre-
eclampsia. The mobilization of Tregs from peripheral blood
to the decidua is imperative for preserving maternal-fetal
immune tolerance, underscoring the significant involvement
of T cells in the development of eclampsia [26]. We also
found that CD28- CD25+ CD8+ T cell absolute count, a sub-
set of T cells with immunomodulatory effects, was associated
with total eclampsia and pre-eclampsia in the present study.
CD25+ CD8+ T cells, a subset of CD8+ cells with immune-
modulatory functions [27], have rarely been studied in gen-
eral, and their specific immune function and role in eclamp-
sia remain unclear. Only one observational clinical study has
found a significant increase in peripheral blood CD8+CD25+
T cells in eclampsia, suggesting a possible mechanism for
their involvement in eclampsia pathogenesis [28].

Previous research has also reported increased quantities
and activity of CD8 T cells in peripheral blood during pre-
eclampsia [11, 29], which aligns with our results. However,
phenotypic changes in effector T cells from women with pre-
eclampsia include the increased expression of activation-
associated markers such as HLA-DR on CD8+ T cell subsets
[30]. The levels of IL-17, IL-2, TNF, and IFN-γ secreted by
CD8 T cells are also significantly elevated in pre-eclampsia
[25, 31], indicating the activation of both the innate and adap-
tive immune responses in the pathogenesis of the pronounced
maternal systemic inflammation observed in pre-eclampsia.
This suggests the involvement of multiple components of the
immune system in the development of the heightened inflam-
matory state observed in pre-eclampsia.

The key role of lymphocytes in the development and
progression of pre-eclampsia and eclampsia is not fully
understood, but the following mechanisms may be involved.
Data from animal experiments suggest that the role of lym-
phocytes may be mediated through regulation of vascular
function, sympathetic outflow, and antigen-presenting cells
in renal sodium reabsorption and salt handling [32, 33].
Furthermore, in the pathogenesis of pre-eclampsia, there is
a transition from Tregs to Th17 cells that results in an aber-
rant immune milieu that triggers inflammation and compro-
mises immune tolerance [34, 35]. Immunomodulatory
therapies that target T cells have been investigated in a rat
model of pre-eclampsia and have been found to have the
potential to decrease the generation of proinflammatory
mediators such as TNF while stimulating T+H2 cell differ-
entiation [36]. In addition, preparations of immunoglobu-
lins that can reduce cytotoxic T cell have recently become
available for clinical use including treatment of various
immunologic disorders during pregnancy [37]. Given their
low cost of analysis and high accessibility, lymphocyte and
T cell count parameters might be ideal potential biomarkers

in the early identification of high-risk pre-eclampsia patients.
Future studies on the role of T cell subsets, especially CD28-
CD25+ CD8+ T cells, in the pathogenesis of eclampsia may
also identify new targets for clinical intervention.

A major strength of our study is that we used a compre-
hensive and complementary genetic approach to evaluate
genetic causality between lymphocyte and T cell counts and
the combined risk of pre-eclampsia and eclampsia in addition
to employing a variety of sensitivity analyses to quantify the
consistency and robustness of our results. Moreover, by
leveraging the extensive pooled data from a large population,
our study successfully confirmed the presence of independent
SNPs associated with the exposure of interest, thereby yielding
enhanced statistical power. More importantly, we used multi-
ple models with different model assumptions to prevent false
positives due to misspecification.

However, this study has several limitations. First, we
mostly included participants of European descent from Sar-
dinia, who have a unique genetic heritage [38], and thus,
our results may not be generalizable to other, genetically
distinct populations. Second, the GWAS sample size for
eclampsia in this study was relatively small. Therefore, the
conclusions may not be representative of the general global
population. Third, we only considered pre-eclampsia and
eclampsia as outcome traits and did not examine the mecha-
nisms behind our findings; more clinical research is needed
to validate our findings. Finally, even though we used recent
GWAS pooled data for exposure-related traits, we over-
looked several unknown SNPs associated with immune cell
traits in our analysis.

5. Conclusions

This study demonstrated a causal relationship between lym-
phocyte and T cell count and pre-eclampsia and the combi-
nation of pre-eclampsia and eclampsia. Based on these
findings, we suggest that routine blood examinations should
be incorporated into the clinical evaluation of pregnant
woman more frequently. In addition, lymphocyte and T cell
counts should be monitored in patients with pre-eclampsia
and eclampsia. However, additional investigations are imper-
ative to corroborate and validate these findings, in order to
evaluate their robustness and generalizability.

Abbreviations

GWAS: Genome-wide association studies
IV: Instrumental variable
MR: Mendelian randomization
SNP: Single nucleotide polymorphism.

Data Availability

The datasets were derived from sources in the public
domain: FinnGen consortium (https://www.finngen.fi/en/
access_results/) and ieu (https://www.ebi.ac.uk/gwas/
publications/32929287).

5Journal of Pregnancy

https://www.finngen.fi/en/access_results/
https://www.finngen.fi/en/access_results/
https://www.ebi.ac.uk/gwas/publications/32929287
https://www.ebi.ac.uk/gwas/publications/32929287


Ethical Approval

This study is a secondary analysis conducted through exist-
ing GWAS data. The specific ethics and consent statements
reviewed in this study can be accessed in the original
publication.

Conflicts of Interest

There are no conflicts of interest to declare by any author.

Authors’ Contributions

All authors participated in the field survey and data collec-
tion. DYZ and ZYF contributed to the study conception.
ZYF, QPZ, RML, MFB, and XMY drafted the manuscript.
YMY, HC, and JJD analyzed the data. QPZ obtained the
funding. DYZ and ZYF provided critical review and com-
mentary to the revised versions of the manuscript. All
authors gave final approval to the version submitted for
publication.

Acknowledgments

This work was supported by the Henan Provincial Medical
Science and Education Research Program Project Jointly
Built by the Ministry (SB201903022), Guangxi Science and
Technology Plan Project (Guangxi Clinical Research Center
for Obstetrics and Gynecology, GuiKe AD22035223), and
Henan Province Key and Joint Construction Project of
Medical Science and Technology (LHGJ20210102 and
LHGJ20220103). The authors thank AiMi Academic Ser-
vices (https://www.aimieditor.com) for English language
editing and review services.

Supplementary Materials

Table S1: patient demographic information from SardiNIA.
Table S2: statistical power calculation for MR analysis.
SNP: single nucleotide polymorphism; OR: odds ratio. Table
S3: two-sample MR estimations showing the effects of
immune cell traits on the risk of pre-eclampsia/eclampsia.
Table S4: two-sample MR estimations showing the effects
of immune cell traits on the risk of pre-eclampsia. Table
S5: two-sample MR estimations showing the effects of
immune cell traits on the risk of eclampsia. Figure S1: IV
assumptions for MR. (Supplementary Materials)

References

[1] O. Erez, R. Romero, E. Jung et al., “Preeclampsia and eclamp-
sia: the conceptual evolution of a syndrome,” American Jour-
nal of Obstetrics and Gynecology, vol. 226, no. 2, pp. S786–
S803, 2022.

[2] L. C. Chappell, C. A. Cluver, J. Kingdom, and S. Tong, “Pre-
eclampsia,” Lancet, vol. 398, no. 10297, pp. 341–354, 2021.

[3] E. Abalos, C. Cuesta, A. L. Grosso, D. Chou, and L. Say,
“Global and regional estimates of preeclampsia and eclampsia:
a systematic review,” European Journal of Obstetrics, Gynecol-
ogy, and Reproductive Biology, vol. 170, no. 1, pp. 1–7, 2013.

[4] L. Say, D. Chou, A. Gemmill et al., “Global causes of maternal
death: a WHO systematic analysis,” The Lancet Global Health,
vol. 2, no. 6, pp. e323–e333, 2014.

[5] S. Rana, E. Lemoine, J. P. Granger, and S. A. Karumanchi,
“Preeclampsia: pathophysiology, challenges, and perspec-
tives,” Circulation Research, vol. 124, no. 7, pp. 1094–1112,
2019.

[6] H. R. Turbeville and J. M. Sasser, “Preeclampsia beyond
pregnancy: long-term consequences for mother and child,”
American Journal of Physiology-Renal Physiology, vol. 318,
no. 6, pp. F1315–F1326, 2020.

[7] E. A. Phipps, R. Thadhani, T. Benzing, and S. A. Karumanchi,
“Pre-eclampsia: pathogenesis, novel diagnostics and thera-
pies,” Nature Reviews. Nephrology, vol. 15, no. 5, pp. 275–
289, 2019.

[8] M. T. Rätsep, A. F. Hickman, B. Maser et al., “Impact of
preeclampsia on cognitive function in the offspring,” Behav-
ioural Brain Research, vol. 302, pp. 175–181, 2016.

[9] J. P. Granger, B. T. Alexander, M. T. Llinas, W. A. Bennett,
and R. A. Khalil, “Pathophysiology of hypertension during
preeclampsia linking placental ischemia with endothelial
dysfunction,” Hypertension, vol. 38, no. 3, pp. 718–722,
2001.

[10] E. B. Taylor and J. M. Sasser, “Natural killer cells and T lym-
phocytes in pregnancy and pre-eclampsia,” Clinical Science
(London, England), vol. 131, no. 24, pp. 2911–2917, 2017.

[11] K. Morita, S. Tsuda, E. Kobayashi et al., “Analysis of TCR rep-
ertoire and PD-1 expression in decidual and peripheral
CD8(+) T cells reveals distinct immune mechanisms in mis-
carriage and preeclampsia,” Frontiers in Immunology, vol. 11,
p. 1082, 2020.

[12] S. Greenland, “An introduction to instrumental variables for
epidemiologists,” International Journal of Epidemiology,
vol. 29, no. 4, pp. 722–729, 2000.

[13] S. Burgess, G. Davey Smith, N. M. Davies et al., “Guidelines
for performing Mendelian randomization investigations,”
Wellcome Open Research, vol. 4, p. 186, 2019.

[14] M. Siedlinski, E. Jozefczuk, X. Xu et al., “White blood cells and
blood pressure,” Circulation, vol. 141, no. 16, pp. 1307–1317,
2020.

[15] Z. Gong, Y. Liu, F. Ding, L. Ba, and M. Zhang, “Natural killer
cells-related immune traits and amyotrophic lateral sclerosis: a
Mendelian randomization study,” Frontiers in Neuroscience,
vol. 16, p. 981371, 2022.

[16] D. He, L. Liu, D. Shen, P. Zou, and L. Cui, “The effect of
peripheral immune cell counts on the risk of multiple sclerosis:
a Mendelian randomization study,” Frontiers in Immunology,
vol. 13, article 867693, 2022.

[17] G. Pilia, W. M. Chen, A. Scuteri et al., “Heritability of cardio-
vascular and personality traits in 6,148 Sardinians,” PLoS
Genetics, vol. 2, no. 8, article e132, 2006.

[18] V. Orrù, M. Steri, C. Sidore et al., “Complex genetic signatures
in immune cells underlie autoimmunity and inform therapy,”
Nature Genetics, vol. 52, no. 10, pp. 1036–1045, 2020.

[19] S. Burgess, A. Butterworth, and S. G. Thompson, “Mendelian
randomization analysis with multiple genetic variants using
summarized data,” Genetic Epidemiology, vol. 37, no. 7,
pp. 658–665, 2013.

[20] M. F. Greco, C. Minelli, N. A. Sheehan, and J. R. Thompson,
“Detecting pleiotropy in Mendelian randomisation studies

6 Journal of Pregnancy

www.aimieditor.com
https://downloads.hindawi.com/journals/jp/2024/8834312.f1.docx


with summary data and a continuous outcome,” Statistics in
Medicine, vol. 34, no. 21, pp. 2926–2940, 2015.

[21] J. Bowden, G. Davey Smith, and S. Burgess, “Mendelian ran-
domization with invalid instruments: effect estimation and
bias detection through Egger regression,” International Jour-
nal of Epidemiology, vol. 44, no. 2, pp. 512–525, 2015.

[22] C. Giambartolomei, D. Vukcevic, E. E. Schadt et al., “Bayesian
test for colocalisation between pairs of genetic association
studies using summary statistics,” PLoS Genetics, vol. 10,
no. 5, article e1004383, 2014.

[23] C.W. Ives, R. Sinkey, I. Rajapreyar, A. T. N. Tita, and S. Oparil,
“Preeclampsia-pathophysiology and clinical presentations:
JACC state-of-the-art review,” Journal of the American College
of Cardiology, vol. 76, no. 14, pp. 1690–1702, 2020.

[24] A. I. Loewendorf, T. A. Nguyen, M. N. Yesayan, and D. A.
Kahn, “Normal human pregnancy results in maternal immune
activation in the periphery and at the uteroplacental interface,”
PLoS One, vol. 9, no. 5, article e96723, 2014.

[25] G. Toldi, J. Rigo Jr., B. Stenczer, B. Vasarhelyi, and A. Molvarec,
“Increased prevalence of IL-17-producing peripheral blood
lymphocytes in pre-eclampsia,” American Journal of Reproduc-
tive Immunology, vol. 66, no. 3, pp. 223–229, 2011.

[26] N. Huang, H. Chi, and J. Qiao, “Role of regulatory T cells in
regulating fetal-maternal immune tolerance in healthy preg-
nancies and reproductive diseases,” Frontiers in Immunology,
vol. 11, p. 1023, 2020.

[27] G. Z. Demchenkova and R. M. Muratova, “Performing general
dispensary care of the female population in the initial stage of
medical service,” Fel'dsher i Akusherka, vol. 52, no. 10, pp. 8–
10, 1987.

[28] D. Darmochwal-Kolarz, S. Saito, J. Rolinski et al., “Activated T
lymphocytes in pre-eclampsia,” American Journal of Repro-
ductive Immunology, vol. 58, no. 1, pp. 39–45, 2007.

[29] D. Miller, K. Motomura, J. Galaz et al., “Cellular immune
responses in the pathophysiology of preeclampsia,” Journal
of Leukocyte Biology, vol. 111, no. 1, pp. 237–260, 2021.

[30] A. Bajnok, M. Ivanova, J. Rigo Jr., and G. Toldi, “The distribu-
tion of activation markers and selectins on peripheral T lym-
phocytes in preeclampsia,” Mediators of Inflammation,
vol. 2017, Article ID 8045161, 7 pages, 2017.

[31] S. Saito, H. Umekage, Y. Sakamoto et al., “Increased T-helper-
1-type immunity and decreased T-helper-2-type immunity in
patients with preeclampsia,” American Journal of Reproductive
Immunology, vol. 41, no. 5, pp. 297–306, 1999.

[32] G. R. Drummond, A. Vinh, T. J. Guzik, and C. G. Sobey,
“Immune mechanisms of hypertension,” Nature Reviews.
Immunology, vol. 19, no. 8, pp. 517–532, 2019.

[33] J. P. Van Beusecum, N. R. Barbaro, Z. McDowell et al., “High
salt activates CD11c(+) antigen-presenting cells via SGK
(serum glucocorticoid kinase) 1 to promote renal inflamma-
tion and salt-sensitive hypertension,” Hypertension, vol. 74,
no. 3, pp. 555–563, 2019.

[34] B. Santner-Nanan, M. J. Peek, R. Khanam et al., “Systemic
increase in the ratio between Foxp3+ and IL-17-producing
CD4+ T cells in healthy pregnancy but not in preeclampsia,”
Journal of Immunology, vol. 183, no. 11, pp. 7023–7030, 2009.

[35] A. Hosseini, S. Dolati, V. Hashemi, M. Abdollahpour-Alitap-
peh, and M. Yousefi, “Regulatory T and T helper 17 cells: their
roles in preeclampsia,” Journal of Cellular Physiology, vol. 233,
no. 9, pp. 6561–6573, 2018.

[36] E. Deer, O. Herrock, N. Campbell et al., “The role of immune
cells and mediators in preeclampsia,” Nature Reviews.
Nephrology, vol. 19, no. 4, pp. 257–270, 2023.

[37] R. Orvieto, A. Achiron, Z. Ben-Rafael, Z. Hagay, and
R. Achiron, “The possible role of intravenous immunoglobulin
in preventing pre-eclampsia,” Medical Hypotheses, vol. 41,
no. 2, pp. 160–164, 1993.

[38] C. W. K. Chiang, J. H. Marcus, C. Sidore et al., “Genomic
history of the Sardinian population,” Nature Genetics,
vol. 50, no. 10, pp. 1426–1434, 2018.

7Journal of Pregnancy


	Higher Circulating Lymphocytes and the Incidence of �Pre-eclampsia and Eclampsia
	1. Introduction
	2. Materials and Methods
	2.1. Study Design
	2.2. Data Sources for Two-Sample MR
	2.2.1. Selection of Exposure
	2.2.2. Selection of Outcomes
	2.2.3. SNP Selection

	2.3. Statistical Analysis
	2.3.1. Two-Sample Mendelian Randomization
	2.3.2. Sensitivity Analysis
	2.3.3. Colocalization Analysis


	3. Results
	3.1. Exposure and Outcome
	3.2. Main Findings
	3.3. Colocalization Analysis

	4. Discussion
	5. Conclusions
	Abbreviations
	Data Availability
	Ethical Approval
	Conflicts of Interest
	Authors’ Contributions
	Acknowledgments
	Supplementary Materials



