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Preeclampsia (PreE) is a placental disorder characterized by hypertension (HTN),
proteinuria, and oxidative stress. Individuals with PreE and their children are at an
increased risk of serious short- and long-term complications, such as cardiovascular
disease, end-organ failure, HTN, neurodevelopmental disorders, and more. Currently,
delivery is the only cure for PreE, which remains a leading cause of morbidity and mortality
among pregnant individuals and neonates. There is evidence that an imbalance favoring a
pro-inflammatory CD4+ T cell milieu is associated with the inadequate spiral artery
remodeling and subsequent oxidative stress that prime PreE’s clinical symptoms.
Immunomodulatory therapies targeting CD4+ T cell mechanisms have been
investigated for other immune-mediated inflammatory diseases, and the application of
these prevention tactics to PreE is promising, as we review here. These
immunomodulatory therapies may, among other things, decrease tumor necrosis
factor alpha (TNF-α), cytolytic natural killer cells, reduce pro-inflammatory cytokine
production [e.g. interleukin (IL)-17 and IL-6], stimulate regulatory T cells (Tregs), inhibit
type 1 and 17 T helper cells, prevent inappropriate dendritic cell maturation, and induce
anti-inflammatory cytokine action [e.g. IL-10, Interferon gamma (IFN-γ)]. We review
therapies including neutralizing monoclonal antibodies against TNF-α, IL-17, IL-6, and
CD28; statins; 17-hydroxyprogesterone caproate, a synthetic hormone; adoptive
exogenous Treg therapy; and endothelin-1 pathway inhibitors. Rebalancing the
maternal inflammatory milieu may allow for proper spiral artery invasion, placentation,
and maternal tolerance of foreign fetal/paternal antigens, thereby combatting early PreE
pathogenesis.
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INTRODUCTION

Preeclampsia (PreE) is a multisystem hypertensive disorder that affects 5–7% of pregnancies and
causes up to 18% of maternal deaths annually in the United States (Harmon et al., 2016; Robertson
et al., 2019). This placental disorder is a leading cause of prematurity and low birth weight in babies
and costs the US $2.18 billion annually (Harmon et al., 2016; Amaral et al., 2017; Cornelius et al.,
2019; Robertson et al., 2019). While PreE often occurs in first pregnancies (4.1% of first pregnancies
vs 1.7% in later pregnancies (Hernández-Díaz et al., 2009)), it has a significant rate of recurrence,
with a risk of 14.7% following a PreE pregnancy and a risk of 31.9% following two prior PreE
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pregnancies (Hernández-Díaz et al., 2009). Additionally, PreE is
associated with long-term adverse health outcomes, especially in
high-risk individuals and their children (Mostello et al., 2008).
Despite documentation of the disease and its health implications
dating back to almost 400 BCE (Before the Common Era) by
Hippocrates, the underlying mechanism(s) and pathophysiology
remain poorly understood (Burton et al., 2019). Consequently,
prophylactics are limited to lifestyle modification and aspirin,
while treatment is limited to delivery (Committee on Practice
Bulletins-Obstetrics, 2020). Though early induction of pregnancy
is often required when PreE threatens maternal health, there is
evidence of significant health consequences following premature
(Behrman and Butler, 2007). For example, neonatal respiratory
morbidity has been evaluated at 4.4 times greater in pre-term
infants than in at-term infants (Khashu et al., 2009).

Preventing PreE and its sequelae involves more than simply
lowering maternal blood pressure (Amador et al., 2014; Redman,
1991); novel, molecularly-directed therapeutics are required.
Many emerging therapeutic mechanisms of interest are
immune in nature, as we review here. Clinical and preclinic
studies have demonstrated that successful immunomodulation
may prevent and/or treat the root immunologic causes of PreE
and other inflammatory diseases. This review will examine
therapeutic approaches involving modulation of CD4+ T cell
mechanisms and their application to PreE.

PREECLAMPSIA DIAGNOSIS AND
MANAGEMENT

According to American College of Obstetrics and Gynecology
(ACOG) guidelines, which aligns with the International Society
for the Study of Hypertension (ISSHP) guidelines, the clinical
diagnosis of PreE, which is made only after the 20th week of
gestation, requires pregnancy-specific hypertension (>140/90 2
separate occasions at least 4 h apart) and one of the following:
proteinuria; low platelets; diseased liver, kidney, or lung; or new-
onset headaches or visual problems. PreE with severe features is
further diagnosed if systolic and diastolic blood pressure exceed
160 and 110 mmHg, respectively; central nervous system
dysfunction (e.g., photophobia, severe headache) occurs; or
in instances of thrombocytopenia or hepatic, renal, or
pulmonary signs (Brown et al., 2018; Committee on Practice
Bulletins-Obstetrics, 2020). When PreE complicates preexisting
HTN (seen in 20–50% of pregnancies with chronic HTN), it is
considered superimposed (Brown et al., 2018; Committee on
Practice Bulletins-Obstetrics, 2020). PreE has a large spectrum
of clinical presentations, and may present in individuals with or
without existing hypertension, metabolic disease, obesity,
genetic variants, or environmental risk factors (Wallis et al.,
2008). Additionally, PreE is a highly clinically heterogeneous
diagnosis, with clinical presentations that can include more
canonically pro-inflammatory phenotypes, as well as more
metabolic or endocrine phenotypes, as have been defined in
molecular studies (Leavey et al., 2015). The clinical diagnosis
and management of PreE is therefore highly complex, requiring
significant expertise, experience, and sound judgement.

PreE, both with and without severe features, results in chronic
immune activation, endothelial dysfunction, and often
intrauterine growth restriction and fetal growth restriction
(FGR). PreE risk factors include chronic HTN, chronic
inflammatory medical conditions, obesity, family or personal
history, genetic predispositions (e.g. mutations in RGS2)
(Perschbacher et al., 2020), primiparity or new paternity (Li
and Wi, 2000; Saftlas et al., 2003; Duckitt and Harrington,
2005), and low paternal exposure due to barrier contraceptives
or a short interval between first coitus and conception (Duckitt
and Harrington, 2005; Kho et al., 2009). Though PreE may
progress even beyond delivery of the placenta, its initiation is
often associated with early placentation processes.

PREECLAMPSIA RESULTS IN SERIOUS
SHORT- AND LONG-TERM HEALTH
COMPLICATIONS
Both the immediate and long-term health impacts of PreE are
significant. PreE is responsible for over 70,000 maternal and
500,000 fetal/neonatal deaths globally (Duley, 2009). Serious
immediate maternal morbidities are associated with PreE and
include stroke; HTN; shock; seizure (eclampsia); acute respiratory
syndrome; coagulopathy; elevated liver enzymes and low platelets
(HELLP) syndrome; renal, pancreatic, or liver failure; and
pulmonary edema (Duley, 2009; Amaral et al., 2017; Mayrink
et al., 2018; Committee on Practice Bulletins-Obstetrics, 2020).

Individuals with a history of PreE are at particularly increased
risk of serious cardiovascular complications after placental
delivery, including HTN, myocardial infarction, stroke, venous
thromboembolism, pulmonary edema, acute respiratory
syndrome, intraventricular hemorrhage, sepsis, and
bronchopulmonary dysplasia, and more (Mayrink et al., 2018;
Committee on Practice Bulletins-Obstetrics, 2020). In fact, the
2011 American Heart Association guidelines for prevention of
cardiovascular disease (CVD) in women equates PreE to chronic
HTN, diabetes mellitus (DM), and obesity in terms of risk for
future CVD (Roger et al., 2011). One in five patients develop
HTN within 7 years of PreE, compared to only 2% after
uncomplicated pregnancies (Bellamy et al., 2007).

Fetal mortality is also significantly increased with PreE
(Santillan et al., 2009), and babies born to PreE pregnancies
have increased risk for FGR and preterm birth risk (Duley, 2009).
Additionally, children of PreE pregnancies have an increased risk
of neurodevelopmental or behavioral conditions and CVD as they
grow up, on top of the immediate risks of prematurity (Amaral
et al., 2017; Gumusoglu et al., 2020).

PREECLAMPSIA PHARMACOTHERAPY

Pharmacologic treatments for PreE or its prevention are lacking,
and management of PreE is focused on symptom alleviation and
maintenance of the pregnancy until 37 weeks or sooner if there
are more severe signs of PreE. After 37 weeks, removal of the
placenta resolves PreE in most cases: only 18.4% of postpartum
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PreE occurs in patients with an antecedent diagnosis of PreE (Al-
Safi et al., 2011).

Prevention of PreE and associated morbidities is currently
limited to aspirin. A recent meta-analysis of 45 randomized trials
revealed that, when initiated before 16 weeks, a low dose of
aspirin (LDA) significantly reduced PreE (risk ratio, RR, 0.47;
confidence interval, CI 0.43–0.75), severe PreE (RR, 0.47; CI,
0.26–0.83), and FGR (RR, 0.56; CI, 0.44–0.70) (Roberge et al.,
2017; Roberge et al., 2018). However, a LDA initiated after
16 weeks of gestation was not associated with reduced risk of
severe PreE (RR, 0.85; CI, 0.64–1.14) or FGR (RR, 0.95; CI,
0.86–1.05), and only with a small reduction in PreE risk (RR, 0.81;
CI, 0.66–0.99) (Roberge et al., 2017; Roberge et al., 2018).
Therefore, LDA therapy is unlikely to significantly curtail
global PreE-associated morbidity and mortality rates.

Another common PreE pharmacotherapy, magnesium sulfate,
only prevents eclamptic seizures, which are rare. Similarly, PreE
treatment with antihypertensives does not reverse disease
processes (Duley et al., 2010). Some antihypertensives are even
contraindicated in pregnancy, per the US Food and Drug
Administration (FDA) category X labeling, including
angiotensin-converting enzyme (ACE) inhibitors and
angiotensin II receptor blockers (ARB) due to potential
teratogenic and fetotoxic effects (Redman, 2011). Given these
limitations, novel classes of PreE pharmacotherapy are required.
An emerging area of study is the immunologic prevention of
PreE, which is based largely on CD4+ T cell mechanisms.

CD4+ T CELLS IN PREGNANCY AND
PREECLAMPSIA

As has been expertly reviewed elsewhere, CD4+ T cells and their
immune products play a critical role in regulating normal
reproductive processes. For instance, proper T cell responses
govern early placentation, fertilization, and embryogenic
processes, including angiogenic and patterning cascades
(Trowsdale and Betz, 2006; Ingman and Jones, 2008;
Howerton and Bale, 2012; Krishnan et al., 2013; Göhner et al.,
2017). At the maternal-fetal interface, CD4+ T cells regulate
dendritic cell maturation, NK cell cytolytic behavior, and the
behavior of a host of cell types (e.g., placental trophoblasts,
vascular endothelium, etc.) via release of pro- and anti-
inflammatory cytokines and chemokines. However, these
normative immune cell processes may go awry, increasing risk
for PreE, as we detail in the present review. Therapeutic
approaches for modulating CD4+ T cell polarization towards
increased type 2 helper CD4+ T cells (Th2) and regulatory T cells
(Tregs) are thus promising for PreE given pro-inflammation
during early placental morphogenesis is a pathogenic risk
factor for PreE. Altered immunology is a pervasive problem in
PreE, beginning as early as conception (Robertson et al., 2019).
Advanced modeling and analytic methods offer some promise for
the detection of high-risk pregnancies (Fischer and Voss, 2014).
Targeting high-risk pregnancies and then ameliorating this
immunologic imbalance early in disease progression may
prevent subsequent oxidative stress and poor placentation

processes. If applied to high-risk pregnancies, early prevention
may reverse or slow PreE pathogeneses before symptoms arise.

CD4+ T cells are a common denominator in the immunologic
mechanisms underlying PreE, linking multiple pathways that
may be targeted by intervention. Furthermore, therapies
affecting dendritic cells (DCs), natural killer (NK) cells,
B cells, neutrophils, and other immune cells ultimately impact
upstream the CD4+ T cell counterparts. Preclinical data in animal
models of PreE, as well as human studies in other immune-
mediated diseases characterized by chronic inflammation, reveal
multiple effective therapeutic approaches to manipulating CD4+
T cell mechanisms to restore a healthy balance. Further
developing these therapies for use in PreE will provide options
to minimize PreE’s global health burden.

TWO STAGE MODEL OF PREECLAMPSIA

Redman in 1991 described the Two Stage Model which is a
traditional explanation of the development of PreE (Redman,
1991). This model consists of two stages: pre-clinical and clinical
(Redman, 1991; Redman et al., 1999; Staff, 2019). Stage 1 is
defined by poor placentation and altered syncytiotrophoblast
function in the outermost placental layer, which is made of
epithelial cells that invade the wall of the uterus during
placentation. During this stage, there is an excessive pro-
inflammatory immune response due to failed maternal
immune tolerance, which leads to inappropriate uterine spiral
artery remodeling, placental hypoperfusion, hypoxia, and
oxidative stress. Stage 2 is characterized by clinical symptoms
(e.g., HTN and proteinuria), which arise from biological stressors
that occur during stage 1 (e.g.,syncytiotrophoblast microvillous
fragmentation, hypoxic damage, oxidative stress) (Redman,
2013).

The pre-clinical stage 1 of PreE occurs through approximately
week 20 of gestation (Redman and Sargent, 2010), during which
shallow cytotrophoblast (cells which differentiate into
syncytiotrophoblasts and other placental cells) migrate towards
the uterine spiral arterioles. This invasion contributes to
inadequate spiral artery remodeling in early pregnancy.
Without proper invasion and arterial remodeling, there is
pulsatile high-pressure blood flow in the placental arteries and
therefore placental oxidative stress and poor supplementation of
the intervillous space (Burton et al., 2009). Placental ischemia is
associated with reperfusion, apoptosis, macromolecule release
[e.g. placental (PLGF) and vascular endothelial (VEGF) growth
factors] into maternal circulation, and finally promotion of
intravascular inflammatory response factors and free radicals
associated with maternal vascular dysfunction (Mayrink et al.,
2018). These changes include increased endothelin-1 (ET-1),
antiangiogenic factor soluble Fms-like Tyrosine Kinase-1 (sFlt-
1), agonistic autoantibodies to angiotensin II type 1 receptor
(AT1-AA), and decreased nitric oxide (NO). The combination of
these vasoconstrictive factors further prompts increased levels of
pro-inflammatory immune cells and cytokines (Borzychowski
et al., 2006; Harmon et al., 2016; Amaral et al., 2017; Staff, 2019;
Aneman et al., 2020). Furthermore, increased pro-inflammatory
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type 1 helper CD4+ T cells (Th1) and type 17 helper CD4+ T cells
(Th17) is met with decreased anti-inflammatory Th2 and Tregs. a
multi-cellular model of inflammation in PreE best illustrates the
imbalanced cellular interactions that contribute to PreE
pathogenesis (Figure 1).

The second stage of PreE is the clinical manifestation of systemic
maternal disease. Stage 2 occurs during the second half of pregnancy
and is defined by placental hypoxia and oxidative stress, clinicalHTN,
and proteinuria secondary to vascular inflammatory dysfunction and
spiral artery insufficiency (Redman, 1991; Burton et al., 2019; Staff,
2019). While a discrete factor linking stage 1 to stage 2 is unknown,
maternal immunological response to the fetus is one possible
explanation. Targeting immune mechanisms in PreE therefore
provides an opportunity to prevent clinical disease progression
from the outset.

IMMUNOLOGY OF PREECLAMPSIA

Though PreE development is impacted by multiple factors and
pathways, immunologic mechanisms offer promise for
prevention because of the early and pervasive impacts of
inflammation in PreE. An abnormal immune response and
high Th1/17:Th2/Treg ratio is “central and causal” to PreE, as
has been expertly reviewed elsewhere (Redman et al., 1999;
Sargent et al., 2006; Saito et al., 2007; Sasaki et al., 2007;
Robertson et al., 2019). The immune response leading to PreE
may start as early as conception, as contact with paternally-
derived transplantation antigens during coitus and conception
primes Treg activation (Robertson et al., 2019). Proposedly,

discrimination of paternal/fetal cells as non-self by the uterine
immune systemmounts an inflammatory offense that contributes
to the broader pro-inflammatory immune imbalance in PreE
(Robertson et al., 2019).

In healthy pregnancies, a pro-inflammatory CD4+ T cell
response promotes trophoblast invasion, subsequent
placentation, and an anti-inflammatory response, thus
inducing local maternal tolerance for the semi-allogeneic fetus
and placenta (Scroggins et al., 2018; Burton et al., 2019; Robertson
et al., 2019; Staff, 2019; Aneman et al., 2020). During initial
placentation, Tregs are at their most prevalent (Harmon et al.,
2016). Tregs are partially responsible for shifting the decidual
milieu from pro-to anti-inflammatory, thereby promoting
immune tolerance in gestation (Robertson et al., 2019).

A carefully regulated, dynamic balance between pro- and anti-
inflammatory factors is critical to multiple pregnancy processes.
For instance, while an anti-inflammatory response is necessary to
allow trophoblast cells to reach and invade the endometrium
(Harmon et al., 2016), regulated pro-inflammation is essential to
recruit NK cells and macrophages to the decidua to facilitate deep
cytotrophoblast invasion into myometrial segments during
maternal vascular remodeling (Redman and Sargent, 2005).
Adequate spiral uterine remodeling in healthy pregnancy
promotes low resistance blood flow via the placental
intervillous space, which supplies the fetus with oxygen and
nutrients (Aneman et al., 2020), when the pregnancy requires
an enhanced circulatory capacity during the second trimester
(Redman and Sargent, 2005). Overall, balanced immunity is
important for successful placentation, vascular remodeling,
and maternal-fetal tolerance.

FIGURE 1 | Dendritic cells are modulated by T cells and NK cells in preeclampsia. Oxidative and vascular stress contribute to preeclamptic conditions. In
preeclampsia, there is an increase of cytolytic, type 1 NK cells and precociousmaturation of DCs, as well as increased production of pro-inflammatory cytokines. There is
a simultaneous decrease in non-cytolytic, type 2 NK cells and anti-inflammatory cytokines. All three cell types interact to aggravate the elevated pro-inflammatory status
that contributes to and occurs in preeclampsia. NK, natural killer; DC, dendritic cells. Created with https://biorender.com.

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org January 2022 | Volume 9 | Article 8114174

Murray et al. T Cell Pathways to Prevent Preeclampsia

https://biorender.com
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


In PreE, a mild systemic inflammatory response that presents in
healthy pregnancies is over-intensified (Borzychowski et al., 2006; Saito
et al., 2007; Staff, 2019). There is a shift away from anti-inflammatory
cells and cytokines [e.g., Treg, Th2, interleukin (IL)-10, and IL-4]
towards pro-inflammatory ones (e.g., Th1, Th17, and IL-4)
(Borzychowski et al., 2006; Cornelius, 2018). An elevated Th1:Th2
ratio involves increased secretion of pro-inflammatory cytokines, such
as tumor necrosis factor alpha (TNF-α), IL-6, and IL-17 (Harmon et al.,
2016; Scroggins et al., 2018). An overactivated systemic inflammatory
response then leads to an increase in antiangiogenic factors and
placental insufficiency. Underlying mechanisms for this include
excess placental oxidative stress and vascular damage, production of
angiotensin IIAT -1 receptor and sFlt-1 auto-antibodies, and decreased
VEGF and PLGF (Gathiram and Moodley, 2016).

Decreased Tregs and increased Th17 CD4+ T cell subtypes may
be specifically involved in the pathophysiology of PreE (Cornelius
et al., 2015).Many pregnant individuals with PreE have fewer and less
functionally competent Treg cells, and a decrease in Treg cells may be
proportional to PreE severity (Robertson et al., 2019). The multi-
cellular model of inflammation in PreE, demonstrating interactions
between DCs, CD4+ T cells, and NK cells (Figure 1). Ultimately,
inappropriate activation and subsequent pro- and anti-inflammatory
response dysregulation contributes to improper maternal vascular
remodeling and shallow trophoblast invasion, as well as endothelial
and placental dysfunction in PreE (Harmon et al., 2016; Cornelius,
2018; Aneman et al., 2020).

The mechanisms driving inflammation in PreE are incompletely
understood. One possibility is maladaptation to fetal/paternal
alloantigens and a lingering immune attack against foreign fetal/
paternal antigens (Redman and Sargent, 2010). Changing paternity
may increase the risk of PreE by 30%, which supports the allogenic
response hypothesis of PreE (Li and Wi, 2000; Redman and Sargent,
2010). Work by Saftlas et al., 2003 demonstrated a protective effect of
previous fetal loss due to PreE against subsequent PreE, but only
when the same partners are involved in a subsequent pregnancy.
Furthermore, the more pre-conceptual exposure to semen, the lower
the risk of PreE (Redman and Sargent, 2010).When the same partner
is involved, the risk of PreE appears to be higher with a shorter
interval between first coitus and conception (Kho et al., 2009).
Together, these studies suggest that the chronicity of maternal
immune exposure to paternal antigens modulates preeclampsia
risk, further demonstrating the potential utility of
immunomodulatory preeclampsia therapeutic.

Specifically, therapeutics that guide CD4+ T cell polarization
may serve as promising tools in preventing oxidative stress and
poor placentation upstream of clinical PreE manifestation. As we
review here, preclinical data in similar immune mediated
diseases—and in models of PreE itself—demonstrate the
potential efficacy of CD4+ T cell modulators in PreE prevention.

CD4+ T CELL PATHWAYS ARE
THERAPEUTIC TARGETS IN MULTIPLE
INFLAMMATORY DISEASES
Preclinical studies demonstrate disease reduction following
adoptive exogenous Treg therapy, intrinsic Treg expansion,

and decreased pro-inflammatory cytokines via various
approaches. Several clinical studies and approved therapies
involve CD4+ T cell pathway manipulations across multiple
immune-mediated, inflammatory diseases. These diseases
include rheumatoid arthritis (RA), Crohn’s disease (CD) and
inflammatory bowel disease (IBD), atherosclerosis (AS), DM,
pulmonary arterial hypertension (PAH), and systemic lupus
erythematosus (SLE). The following therapy target candidates
and their respective effects are summarized in Table 1 and in
Figures 2, 3, 4.

Neutralizing TNF-α
One possible target for CD4+ T cell modulation is TNF-α, which
is secreted by Th1 and Th17 cells. TNF-α levels can be two to
three times higher in PreE than in normotensive pregnancies
(Harmon et al., 2016; Rambaldi et al., 2019) and have been linked
to gestational HTN, endothelial dysfunction, and poor obstetric
outcomes (Small et al., 2016). Though crucial for correct
implantation and placentation (Yuan et al., 2015), TNF-α is
attributed to IL-10-dependant inhibition of CD4+ T cell
expansion (Alijotas-Reig et al., 2017), preventing a healthy
pro- and anti-inflammatory CD4+ T cell balance. Additionally,
TNF-α indirectly causes vasoconstriction after initiating systemic
pro-inflammatory and pro-apoptotic signaling cascades that
increase reactive oxygen species (ROS) and contribute to
placental oxidative stress (Redman et al., 1999). Inhibiting
TNF-α using anti-TNF-α neutralizing monoclonal antibodies
(mAbs) promotes the proliferation of Tregs while suppressing
effector T (Teff) cells (Xiao et al., 2021).

Guidelines from the FDA indicate that anti-TNF-α treatments
are category B drugs (i.e. drugs that have failed to demonstrated
risk to the fetus but for which no well-controlled studies exist in
pregnant women) (Raja et al., 2012). The British Association of
Dermatologists recommends the use of TNF-α inhibitors on a
case-by-case basis in pregnancy (Johansen et al., 2018), and the
European Crohn’s and Colitis Organization has found that TNF-
α inhibitors may be used safely until the third trimester (Johansen
et al., 2018). Because of its presumed safety, anti-TNF-αmay be a
viable PreE therapy to increase Treg cell populations and
rebalance the Th1/Th17:Treg/Th2 ratio in PreE.

Therapeutics targeting TNF-α have also been used in other
inflammatory diseases to combat immune dysregulation. For
instance, anti-TNF-α neutralizing mAbs are approved for use
in RA, AS, and IBD. These drugs include etanercept (Aronson,
2006), infliximad (Wall et al., 1999), certolizumab pegol (Weber-
Schöndorfer et al., 2015; J. Egan and Maaser, 2009), golimumab
(Taylor et al., 2015), and adalimumab (Taylor et al., 2015; Jafri
and Ormiston, 2017; Xiao et al., 2021).

Work in PreE animal models further suggests the utility of
TNF-α therapeutics in clinical PreE. For instance, the TNF-α
ligand trap etanercept prevents HTN and decreases ROS-induced
vascular dysfunction in the reduced uterine perfusion pressure
(RUPP) rat model of PreE. Etanercept also rescues vascular
pathology in the deoxycorticosterone acetate (DOCA) high-salt
diet neurogenic rodent HTN model (DOCA-salt) (Guzik et al.,
2007; Basting and Lazartigues, 2017), which exhibits a similar
immune state to PreE (i.e. excessive pro-inflammation and
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inadequate anti-inflammation) (Guzik et al., 2007). Similar effects
have been reported in animal models of PAH and systemic HTN
(Jafri and Ormiston, 2017).

These animal models of PreE have some limitations. For
instance, the RUPP rat model features placental ischemia, which
occurs only in the end stage of PreE. However, the RUPP model
also mirrors increased Th1, Th17, and other PreE-associated

molecular changes such as increased ET-1, AT1-AA, ROS, and
TNF-α, as well as critical disease phenotypes (i.e., HTN, endothelial
dysfunction) (Ibrahim et al., 2017). However, given that it is an
end-stage model, RUPP is limited in its capacity to represent early
PreE pathogenesis, where immune based therapies may be most
useful. Despite this limitation, the results in RA, AS, IBD, and PreE
animal models suggest the effectiveness of anti-TNF-α treatments

TABLE 1 | Immunomodulation offers promise for preeclampsia (PreE) prevention. This table describes potential preeclampsia prevention targets, the directionality of target
abnormality in PreE, drugs that modulate the targets, and the effects of each drug on PreE-related biological processes. Treg, regulatory T cell; NK, natural killer; DC,
dendritic cell; CTLA-4, cytotoxic T lymphocyte-associated antigen-4; IVIg, intravenous immunoglobulin G; ETA, endothelin-1 receptor A; anti, antibody; CoPPIX, cobalt
protoporphyrin; HO-1, heme oxygenase 1, mAbs, monoclonal antibodies; Th, Helper T cell; Treg, regulatory T cell; IL, interleukin; IFN-γ, interferon gamma; TNF-α, tumor
necrosis factor alphasFlt-1, soluble Fms-like Tyrosine Kinase-1; PLGF, placental growth factor; VEGF, vascular endothelial growth factor; IL-17RCmouse IL-17 receptor
C; 17-OHPC, 17-hydroxyprogesterone caproate; NK2, non-cytolytic, type 2 Natural Killer cells; NK1, cytolytic, type 1 Natural Killer cells; TLR5, toll like receptor five; AT1-
AA, Angiotensin II Type 1 Receptor Agonistic Autoantibody.

Target Change in targets
in preeclampsia

Drug Drug effect on
preeclampsia mechanisms

Citation

TNF-α Increase anti-TNF-α
neutralizing mAb

Less pro-inflammatory T cell differentiation via DC
maturation and IL-10-dependant inhibition of CD4+
T cell expansion

Yuan et al. (2015), Alijotas-Reig et al. (2017)

Decreased vasoconstriction, coagulation, vascular
permeability, and microvascular leakage

LaMarca et al. (2005), Kaplanski et al. (1997)

Decreased endothelial dysfunction; trophoblastic
apoptosis inactivation

Alexander et al. (2001), Huppertz and Kingdom
(2004), Chen et al. (2010), Ibrahim et al. (2017)

CD28 Decrease CD28 superagonist
TGN1412/TAB08

Treg promotion Tabares et al. (2014)
Reduced pro-inflammatory response Ibrahim et al. (2017)
Reduced cytolytic NK cell activation during placental
invasion

Ibrahim et al. (2017)

IL-10 Decrease IL-10 administration Promote macrophage maturation to anti-
inflammatory M2

Harmon et al. (2015)

Treg Decrease adoptive transfer Promote mast cell repair of the placental and vascular
defects

Maganto-García et al. (2011), Matrougui et al.
(2011), Woidacki et al. (2015)

Reduced oxidative stress Jafri and Ormiston (2017), Dall’Era et al. (2019),
Chen et al. (2010)

IL-6 Increase anti-TLR-5 Increased anti-inflammation Narazaki et al. (2017)
anti-IL-6 Tousoulis et al. (2016), Narazaki et al. (2017),

Trivedi and Adams (2018)

IL-17 Increase anti-IL-17 Prevents offspring neurodevelopmental defects Amador et al. (2014), Reed et al. (2020)
Improved vascularization; decreased AT1-AA and
oxidative stress

Amador et al. (2014)

ETA antagonists Downregulated mature DCs; decreased vascular
permeability and vasoconstriction

Alexander et al. (2001); Tanaka et al. (2014);
Morris et al. (2016)

IL-17RC Improved vascularization; decreased IL-17 activation
of cytolytic NK cells and decreased pro-inflammation

Cornelius et al. (2013); Travis et al. (2020)

Spironolactone Decreased Th17 activation and increased FoxP3-
dependent Treg differentiation

Amador et al. (2014)

Improved placentation via competitive binding of
aldosterone

Birukov et al. (2019)

HMG-CoA
reductase

Statins Improved placentation; reduced sFlt-1; increased pro-
survival/antiapoptotic factors; upregulated PLGF and
VEGF

Youssef et al. (2002); Kumasawa et al. (2011);
McDonnold et al. (2014); Esteve-Valverde et al.
(2018); 82

Cytolytic NK
cells

Increase 17-OHPC Decreased pro-inflammation Gupta and Roman (2012); Elfarra et al. (2020)
CD28 mAbs Decrease IL-6/IL-2-mediated activation of cytolytic NK

cells
Ibrahim et al. (2017)

DCs skewed towards pro-
inflammatory

CTLA-4 Decreased DC maturation and subsequent pro-
inflammatory T cell and cytolytic NK cell activations

Gu et al. (2012)
CoPPIX-mediated
HO-1 induction
IVIg Bayry et al. (2003)
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for treating pro-inflammation in PreE, warranting further
exploration.

TNF-Α AND ENDOTHELIN-1/
ENDOTHELIN-1 RECEPTOR A

TNF-α is thought to exacerbate PreE by activating vasoconstrictive
endothelial cells and increasing coagulation, vascular permeability,
microvascular leakage, and trophoblastic apoptosis (Kaplanski et al.,
1997; Huppertz and Kingdom, 2004). Resultant cellular debris
activate endothelial cells via ET-1/ET-1 receptor A (ETA) pathway
activation, causing dysfunction and eliciting further pro-
inflammatory activation, vasoconstriction, and HTN (Raghupathy,
2013; Morris et al., 2016). TNF-α also stimulates ET-1 production by
endothelial cells, which is elevated in the RUPP rat model (Alexander
et al., 2001). Three ETA antagonists (ambrisentan, bosentan, and
macitentan) that inhibit vasoconstriction to prevent HTN and slow
disease progression are currently approved for the treatment of PAH
because of their effects on IL-17 (National Institute of Diabetes and
Digestive and Kidney Diseases, 2012).

IL-17 processes also interact with ET signaling. Despite
modulating IL-17 production by Th17 cells, ET/ETA does not
appear to directly mediate Th17 differentiation (Tanaka et al.,

2014). Instead, effector T cell differentiation is promoted by DC
maturation, which is in turn associated with increased ET-1
(Tanaka et al., 2014). Incubation with ETA receptor
antagonists inhibit DC maturation, thus downregulating
mature DC stimulation of cells including Th1 and cytotoxic
NK cells (Guruli et al., 2004; Tanaka et al., 2014). In both
in vitro and in vivo mouse models, ETA receptor blockade
reduces IL-17 production following Th17 activation, which is
discussed later in this review. These reductions in IL-17 release
and Th17 activation are associated with significantly decreased
risk for HTN, HELLP syndrome, and renal dysfunction following
ischemic injury (Alexander et al., 2001; Morris et al., 2016;
Boesen, 2018). By neutralizing TNF-α, there may be fewer
cellular debris in circulation and in the placenta, thus blunting
ET-1/ETA pathway activation and limiting pro-inflammation,
HTN, and renal dysfunction. Together, this may lead to less
TNF-α-mediated vasoconstriction, vascular permeability, and
apoptosis (Figure 2).

CD28 ANTIBODIES

Another cytokine-specific antibody manipulation of interest for
the treatment of PreE is the superagonistic monoclonal antibody

FIGURE 2 | CD4+ T cell pro-inflammation and processes may be targeted in preeclampsia. Induction of anti-inflammatory CD4+ T cells (Th2s) and Tregs, and
inhibition of pro-inflammatory CD4+ T cells (Th17s, TH1s) may be one pathway for preeclampsia treatment and prevention. Collectively, modulation of these processes
may ameliorate the overly pro-inflammatory immune response in preeclampsia. Shifting the ratio of pro-to anti-inflammatory CD4+ T cells may prevent preeclampsia by
allowing proper placentation and reducing resultant oxidative stress. This can be done by 1) promoting an anti-inflammatory milieu (Th2, Treg, IFN-γ, IL-10) with
anti-CD28, statins that induce PLGF and VEGF, or 2) inhibiting a pro-inflammatory milieu (Th1, Th17, IL-2, IL-6, IL-17, and TNF-α) with anti-CD28 or spironolactone, or
inhibiting sFlt-1using statins. Specific cytokines may also be inhibited, such as IL-6 by anti-TLR5 or anti-IL-6; IL-17 by IL-10, ETA inhibitors, IL-17RC, and anti-IL-17; or
TNF-α by anti-TNF-α. The anti-inflammatory CD4+ T cell response may result in tolerance and a healthy pregnancy while the pro-inflammatory CD4+ T cell responsemay
lead to fetal rejection, endothelial dysfunction, and clinical preeclampsia signs. DC, dendritic cells; mAbs, monoclonal antibodies; Th, Helper T cell; Treg, regulatory T cell;
IL, interleukin; IFN-γ, interferon gamma; TNF-α, tumor necrosis factor alpha; anti, antibody; ETA, endothelin-1 receptor A; sFlt-1, soluble Fms-like Tyrosine Kinase-1;
PLGF, placental growth factor; VEGF, vascular endothelial growth factor; IL-17RC mouse IL-17 receptor C; TLR5, toll like receptor 5. Created with https://
biorender.com.
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FIGURE 3 |Cytolytic NK cells may be targeted in preeclampsia. Induction of non-cytolytic NK cells and inhibition of cytolytic NK cells is one potential avenue for the
treatment and prevention of preeclampsia. Anti-TLR5, anti-IL-6, and anti-CD28 inhibit IL-6’s activation of pro-apoptotic cytolytic type 1 NK cells. Anti-CD28 also directly
inhibits type 1 NK cells, and promotes non-cytolytic, type 2 NK cells and the anti-apoptotic cytokines IL-10 and IFN-γ. 17-OHPC works similarly to promote type 2 NK
cells. Together, these reduce the cytolytic NK cell response, which can lead to improper placentation and subsequent preeclampsia. 17-OHPC, 17-
hydroxyprogesterone caproate; anti, antibody; IFN-γ, interferon gamma; NK2, non-cytolytic, type 2 Natural Killer cells; IL, interleukin; NK1, cytolytic, type 1 Natural Killer
cells; TNF-α, tumor necrosis factor alpha; TLR5, toll like receptor 5. Created with https://biorender.com.

FIGURE 4 | DC cells maturation and function may be targeted in preeclampsia. Inhibition of mature CDs and induction of tolerogenic, immature DCs is one
promising route for preeclampsia treatment and prevention. Targets to achieve this include exogenous Treg transfer, IVIgs to promote tolerogenic DCs (e.g., via CTLA-4),
CoPPIX induced HO-1 activation, and ETA antagonists. IVIg via CTLA-4, anti-CD28, ETA antagonists, and CoPPIX via HO-1 inhibit mature DC function, which can be pro-
inflammatory to CD4+ T cells. Treg, regulatory T cell; DC, dendritic cell; CTLA-4, cytotoxic T lymphocyte-associated antigen-4; IVIg, intravenous immunoglobulin G;
ETA, endothelin-1 receptor A; anti, antibody; CoPPIX, cobalt protoporphyrin; HO-1, heme oxygenase 1. Created with https://biorender.com.
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(SA) against CD28. Recently, testing of anti-CD28 monoclonal
antibodies (mAbs) has been studied in PAH as a Treg stimulator
because CD28 is a potent Treg activator and decreases pro-
inflammatory cytokine secretion (Tabares et al., 2014). In the
PreE RUPP rat model, SA mAb administration stimulated Treg
cell proliferation, increasing the percent of Treg cells relative to
those seen in normal pregnancy and reducing the clinical signs of
PreE in response to placental ischemia (Ibrahim et al., 2017).
Additionally, IL-6 and IL-2 levels, which promote Th1
proliferation and activate NK cells, were decreased to control
levels in the RUPP model after SA mAb treatment (Ibrahim et al.,
2017). Stimulation of cytolytic NK cells increased apoptosis and
debris, aggravating the pro-inflammatory response further. NP
controls maintained balanced cytokine and Treg levels, normal
BP, and delivered pups of a healthy weight (Ibrahim et al., 2017).
A reduction without complete inhibition is notable because
maintaining appropriate pro-inflammation is essential for
proper placental invasion (Sargent et al., 2006). SA mAb
administration also normalizes fetal weight in RUPP offspring,
highlighting the PreE-relevant benefits of Treg and NK cell
stimulation. These findings offer insights into antibody-based
tactics that manipulate CD4+ T (Figure 2) and NK cell
mechanisms (Figure 3).

IL-10 ADMINISTRATION AND INDUCTION

IL-10, which is produced by macrophages, Tregs, and regulatory
NK cells, is an immunosuppressive cytokine necessary for
appropriate differentiation of decidual macrophages and
subsequent immune activation in trophoblast invasion and
tissue remodeling (Heyward et al., 2017). Decreased IL-10 is
associated with PreE and other inflammatory diseases, as IL-10
impedes macrophage differentiation and effectively suppresses
pro-inflammation triggered by fetal/paternal antigens (Figures
2–4) (Lutsenko et al., 2014; Harmon et al., 2016; Heyward et al.,
2017).

Animal models of PreE offer some insights into a potential role
for IL-10 in PreE pathogenesis. For instance, in the BPH/5 inbred
murine model of early PreE, IL-10 is spontaneously decreased.
This model also develops early impaired invasion and
placentation phenotypes and exhibits deficient spiral artery
remodeling (Hoffmann et al., 2008). Decreased IL-10 in the
BPH/5 model results from suppression of decidual
macrophages and inadequate immune activation in response
to fetal antigens (Davisson et al., 2002).

While the BPH/5 model represents early PreE phenotypes, the
RUPP model, which recapitulates later pathoetiologic changes in
PreE, demonstrates a potential therapeutic role for IL-10
supplementation in PreE. Administering IL-10 in the RUPP
model leads to a partial rescue of HTN (Harmon et al., 2015).
Moreover, IL-10 delivery via osmotic mini pumps in the RUPP
model significantly lowers circulating Th1, Th17, and placental
ROS, increases Treg cell differentiation, and normalizes TNF-α
levels (Figure 2) (Harmon et al., 2015). This demonstrates that
IL-10 agonism may help to prevent PreE pathogenesis via
immune mechanisms. Given that IL-10-producing

macrophages are decreased in PreE, together with data from
the BPH/5 and RUPP models, suggests that IL-10
supplementation may be one PreE therapeutic avenue.

In addition to its utility in PreE, IL-10 supplementation and
induction are possible prophylaxis and treatment options for a
variety of additional pro-inflammatory diseases. For example, in
adjuvant arthritis mice models for RA, IL-10 inducers or IL-10
producing cells (e.g., Th2, Tregs) attenuated clinical phenotypes
and normalized IL-10 levels after 28 days of administration
(Lutsenko et al., 2014). In another pro-inflammatory disorder,
osteoarthritis, increased IL-10 expression significantly decreased
pain in a dog model, supporting the benefits of IL-10
prophylactics for inflammatory conditions (Uzieliene et al.,
2021). IL-10 also prevents PAH via suppressed antigen
presentation by macrophages and DCs, blunted pro-
inflammatory cytokine release, and activated Treg cells (Lai
et al. (2011); Jafri and Ormiston, 2017). Incubating naïve
CD4+ T cells with IL-10-producing DCs also promotes Treg
cell differentiation (Harmon et al., 2015), which is decreased in
PreE. Collectively, these results demonstrate that IL-10 may be a
novel, effective modulator of pro-inflammatory phenotypes and
disease pathogenesis across multiple conditions.

TRANSFER OF TREGS TO PROMOTE
ANTI-INFLAMMATION

Transfer of Treg cells is a direct means by which to increase Treg
levels. T-cell-based immunomodulation strategies are advancing
quickly in the treatment of blood and tumor malignancies, as well
as other immune-mediated diseases. The use of donor and
engineered Tregs to combat immune dysregulation is also
being studied in IBD (Graham and Xavier, 2020; Xiao et al.,
2021), DM (Bluestone et al., 2015), PAH, SLE (Dall’Era et al.,
2019; Shan et al., 2020), and in rodent models of PreE (Jafri and
Ormiston, 2017). Collectively, these studies demonstrate that
Treg adoptive transfer is effective in promoting anti-
inflammation and restoring a healthy ratio of Treg/Th2:Th1/
Th17, and is not associated with significant adverse effects (Ou
et al., 2018). Preclinical trials have likewise demonstrated that
adoptive transfer of CD4+CD25 + Treg cells into rats with PAH
reduces HTN to immunocompetent control rat levels (Jafri and
Ormiston, 2017). The first adoptive Treg cell therapy was used in
a patient with SLE in 2019, yielding increased Treg cell activation
and decreased Th1-mediated pro-inflammation (Dall’Era et al.,
2019). Moreover, a phase I trial in type 1 diabetes demonstrated
that a single Treg infusion was safe, well tolerated, and led to
enhanced suppressive activity due to Treg and IL-2 expansion
and 1 year of Teff cytokine depletion (Bluestone et al., 2015).

As in the clinical literature, studies of Treg cellular infusion in
rodent models of hypertensive disease with Treg cell infusion also
demonstrate mitigated inflammatory pathology. Mouse models
of HTN demonstrate a protective effect when Treg cells are
adopted from healthy pregnancies to hypertensive ones. More
specifically, Treg cell transfer from healthy controls to HTN mice
promotes mast cell repair of placental and vascular defects and
reduces BP (Maganto-García et al., 2011; Matrougui et al., 2011;
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Woidacki et al., 2015). However, lowering BP does not necessarily
prevent PreE. For instance, in the RUPP rat model of PreE, while
transfer of Tregs from a healthy pregnant rat into RUPP rats prior
to uterine artery occlusion, which is used to model PreE placental
ischemia, rescued multiple PreE endophenotypes (BP, growth
restriction, vasoactive factors, pro-inflammation, placental
oxidative stress) (Cornelius et al., 2015; Harmon et al., 2016;
Jafri and Ormiston, 2017; Cornelius, 2018; Robertson et al., 2019).
Yet, it did not fetal morbidity (Cornelius et al., 2015). The
prophylactic potential of Treg transfer in PreE is mostly
reliant on a direct increase in anti-inflammatory CD4+ T cell
levels (i.e., Th2 and Treg) upon treatment (Figure 2).

Adoptive Treg cell transfer remains a promising area of study
because it may mitigate gestational immune dysregulation at the
outset, before PreE pathology progresses. While preclinical work
has demonstrated the promise of adoptive Treg cell transfer for
the treatment of PreE, more research is needed to better
understand the side effects, underlying mechanisms, and
application of this approach to human disease.

DECREASING IL-6 LEVELS

IL-6 contributes to pro-inflammation in PreE by inducing Th17
and cytotoxic T cell differentiation and inhibiting
immunosuppressive Tregs and Th2 (Redman et al., 1999).
Decreasing IL-6 via anti-IL-6 mAbs or toll-like receptor (TLR)
five inhibitors may reduce pro-inflammation (Narazaki et al.,
2017) (Figure 2), thereby modulating PreE pathogenesis. IL-6
inhibitors [e.g., anti-IL-6 receptor mAbs (e.g., sarilumab,
tocilizumab) and anti-IL-6 mAbs (i.e., siltuximab)] may direct
the expansion of inexperienced CD4+ T cells away from
inflammatory Th1 and Th17 subtypes (Narazaki et al., 2017;
Xiao et al., 2021). Clinical studies support the successful use of
immunomodulation to modulate IL-6, as in IBD (Trivedi and
Adams, 2018), RA (Narazaki et al., 2017), and AS (Tousoulis
et al., 2016; Ridker et al., 2017). Various mAbs and TLR five
antibodies have been used to achieve IL-6 regulation. The
administration of these antibodies reduces IL-6 and lowers
cardiovascular risk (Ridker et al., 2017). Applying similar IL-6-
reduction strategies to the treatment of PreE may drive
differentiation and proliferation of naïve CD4+ T cells towards
an anti-inflammatory Treg and Th2 cell fate rather than a pro-
inflammatory Th1 and Th17 one.

BLOCKING IL-17 AND DECREASING TH17

Another potential inflammatory target for the treatment of PreE
is Th17, levels of which are increased in the disease. Suppression
of Th17 via IL-17 recombinant receptor administration decreases
HTN, oxidative stress, and AT1-AA production (Cornelius et al.,
2013). A recent study utilizing chronic administration of
recombinant mouse IL-17 receptor C (IL-17RC), a soluble
receptor that blocks IL-17, to RUPP rats reported normalized
total placental and cytolytic NK cells, decreased circulating IL-17,
decreased circulating and placental Th17s, and decreased TNF-α,

as well as decreased mean arterial pressure (MAP) (Travis et al.,
2020). Additionally, repeated acute administrations of IL-17RC
diminished Th17 proliferation (Travis et al., 2020). These studies
reveal the potential efficacy of IL-17RC for treating IL-17-
mediated pro-inflammation in PreE.

In the DOCA-salt neurogenic rodent model of HTN, Th17,
and IL-17 levels are elevated as they are in PreE (Amador et al.,
2014; Basting and Lazartigues, 2017). When given to DOCA-salt
rats, Spironolactone competitively binds aldosterone and
prevents Th17 activation, normalizing IL-17 levels and
inducing Treg differentiation by increasing forkhead box P3
transcription (Amador et al., 2014). Administration of anti-IL-
17 antibodies in the DOCA-salt model ameliorated HTN,
oxidative stress, and fibrosis, likely by decreasing Th17
polarization (Amador et al., 2014). Similarly, in the HELLP
rodent model of PreE, decreasing IL-17 by blocking the ETA

receptor preferentially reduced Th17 differentiation and lowered
BP (Morris et al., 2016). Furthermore, Th17s may promote NK
activation via IL-17 induction (Travis et al., 2020), though the
exact mechanism underlying this remains unclear. By targeting
Th17 or blocking IL-17 in PreE, pro-inflammatory cytokine
production and NK cell activation may be decreased, resulting
in less cytotoxic activity and thereby decreased pro-inflammation
(Figure 2).

PRAVASTATIN

Recently, statins have attracted interest as targets for PreE
prevention due to their potent anti-inflammatory effects.
Statins are 3-hydroxy-3-methylglutaryl coenzyme A (HMG-
CoA) reductase inhibitors that are approved by the FDA for
cholesterol reduction, though they are currently contraindicated
for use in pregnancy. The clinical PRINCE [pravastatin
inflammation/reduced C-reactive protein (CRP) evaluation]
trial confirmed that pravastatin has anti-inflammatory effects
in primary and secondary prevention settings in addition to its
lipid-lowering effects (Albert et al., 2001). Given these results,
statins began to be considered for the treatment of pro-
inflammatory diseases such as DM (van de Ree et al., 2003),
metabolic syndrome (Bulcão et al., 2007), atherosclerosis (S.
Antonopoulos et al., 2012), and multiple sclerosis (Youssef
et al., 2002). Multiple trials have demonstrated reduced CRP
and circulating pro-inflammatory cytokines with statins. In vivo
studies have further shown specifically that administration of
statins induces Th2 cytokines (including IL-4, IL-5, IL-10, and
TGF-β) and suppresses Th1 cytokines (including IL-2, IL-12,
TNF-α, and IFN-γ) (Youssef et al., 2002; Esteve-Valverde et al.,
2018). Applying this to PreE may help balance the elevated Th1:
Th2 ratio characteristic of the disease.

Despite being contraindicated for use in pregnancy, a recent
study in DBA/2-mated CBA/J mice, a well-studied spontaneous
abortion and fetal growth restriction mouse model (Redecha
et al., 2009), demonstrated that pravastatin effectively rescued
placental dysfunction and prevented fetal resorptions (Redecha
et al., 2009). Another small study in a novel lentiviral vector-
mediated placental sFlt-1 expression mouse model of PreE
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reported decreased blood pressure and proteinuria with daily
pravastatin (Kumasawa et al., 2011). Several studies in pregnant
mice demonstrated reduced sFlt-1 levels and reduced hypoxia,
significantly increased pro-survival/antiapoptotic factors, and
upregulated PLGF and VEGF-A after treatment with
adenovirus-carrying sFlt-1 and statins (McDonnold et al.,
2014; Saad et al., 2014; Saad et al., 2016).

Reduced sFlt-1 expression is another potential intervention
strategy for PreE, which can increase PLGF and VEGF.
Additionally, the use of T-NPsisFLT1 or PEG-PLA
nanoparticles as sFLT1 siRNA placenta specific delivery
systems can decrease sFlt-1 in pregnant CD1 mice and
silencing sFlt-1 in this way is being studied as a method to
ameliorate PreE in similar manners to statins (Li et al., 2020).
Furthermore, a 2016 pilot randomized controlled trial assessing
the use of pravastatin in PreE found no safety risks (Costantine
et al., 2016), while another recent study reported lower rates of
PreE and preterm delivery in high-risk individuals treated with
pravastatin (Costantine et al., 2021). These results, in conjunction
with the known immunomodulatory effects of statins (Figure 2),
justify further immune research into pravastatin’s use in PreE
prevention and therapy.

17-HYDROXYPROGESTERONE
CAPROATE

Another potential avenue for immunologic treatment of PreE is
targeting cytolytic placental NK cells early in gestation to decrease
Th1/17 and increase Treg/Th2 cells. Within circulation and in the
placenta in PreE, non-cytolytic, type 2 NK cells are decreased
while cytolytic, type 1 NK cells are increased (Fukui et al., 2012),
increasing apoptosis and therefore the production of debris.
Elfarra et al. tested 17-hydroxyprogesterone caproate (17-
OHPC) in the RUPP rat model of PreE (Elfarra et al., 2020)
and found that the synthetic hormone, which is commonly used
to prevent preterm delivery in healthy pregnancies, has anti-
inflammatory and vasodilatory effects (Dodd et al., 2013).
Because the naturally occurring hormone progesterone reduces
cytotoxic NK cell activity in the uterus (Dosiou and Giudice,
2005; Elfarra et al., 2020), 17-OHPC may act similarly (Elfarra
et al., 2020).

In the RUPP model, 17-OHPC normalized HTN and pup
weight, decreased fetal demise rates, reduced uterine artery
resistance, and increased circulating and placental Th2 cells
while suppressing pro-inflammatory CD4+ T cells and
cytokines to restore immune balance (Elfarra et al., 2020).
Circulating Th2 cells were significantly increased in RUPP rats
with 17-OHPC treatment (Elfarra et al., 2020). Furthermore,
cytolytic NK cells were also decreased significantly with 17-
OHPC administration, and the administration was associated
with attenuated hypertension in response to placental ischemia
(Elfarra et al., 2020). While there is limited data on 17-OHPC
prevention of PreE, phenotypes were decreased in the RUPP
model (e.g., decreased total and cytolytic placental NK cells,
attenuation of pro-inflammatory T cells and cytokines,
decreased HTN and fetal weight), which is likely attributable

to suppressed inflammation and increased placental Th2.
Together, these data on Th2-NK cell dynamics suggest that
hormone strategies are another potential CD4+ T cell-based
PreE prevention mechanism (Figure 2).

TREG CELL STIMULATION VIA NK CELLS
AND DCS

Suppressing Teff cells and manipulating NK and DC pathways
are additional methods for the treatment of AS, PAH, and SLE
(Xiao et al., 2021). PreE pregnancies have increased populations
of cytolytic, type 1 NK cells, which also exhibit enhanced cytolytic
activation (Fukui et al., 2012; Sargent et al., 2007). These cytolytic
NK cells secrete increased levels of TNF-α (Fukui et al., 2012),
which contribute to PreE pathogenesis. Conversely, however,
non-cytolytic, type 2 NK cells also stimulate Treg proliferation
by releasing interferon gamma (IFN-γ) (Fukui et al., 2012).
Therefore, normalizing NK levels may provide another route
for PreE prevention. While the dynamics and direct interactions
between NK cells, DCs, and resultant Treg stimulation require
further interrogation, some promising manipulations inhibit
cytotoxic NK cells and others prevent DCs from presenting
self-antigens (Bayry et al., 2003; Gu et al., 2012; Elfarra et al.,
2020).

DCs and other antigen presenting cells (APCs) also contribute
to immune dysregulation by presenting fetal antigens and
stimulating pro-inflammatory Th1 and Th17 cells at the
maternal-fetal interface. It is likely that modulation of
abundant decidual NK cells and DCs via interactions with
T cells and their cytokine/chemokine products, may be one
avenue for PreE treatment and prevention. In fact, decidual
NK cells are a potential target for early pregnancy pathology
and immune dysregulation, for example in recurrent miscarriage
or implantation deficits (Tao et al., 2021). However, the precise
interactions between CD4+ T cells and decidual NK cells at the
maternal-fetal interface requires further elucidation.

For example, IL-10 and TGF-β (produced by Tregs), as well as
Treg surface molecules such as inhibitory receptor cytotoxic T
lymphocyte-associated antigen-4 (CTLA-4) inhibit DC function
and maturation (Figure 4). This is likely because CTLA-4 binds
to CD80/CD86 and blocks the activation of naïve T cells by DCs
(Gu et al., 2012). DCs mediate either immune rejection or
tolerance because they direct T cell alloresponses towards pro-
or anti-inflammatory subtypes (Mashreghi et al., 2008).
Stimulating the production or adoptive transfer of immature
DCs can be manipulated for prevention use to prevent
downstream activation of pro-inflammatory T cells (Figure 1)
or cytolytic NK cells (Figure 4). CTLA-4, IL-10, and TGF-β and
their subsequent inhibition of DC function are associated with
increased Treg numbers and decreased pro-inflammatory
responses in AS (Dietrich et al., 2012; Foks et al., 2015; Ou
et al., 2018). The immunological similarities between AS and PreE
suggest that DC inhibition decreases pro-inflammatory Th1 and
Th17 differentiation, preventing PreE pathogenesis.

Another DCmodulator is cobalt protoporphyrin induced heme
oxygenase 1 (HO-1), which is currently used to protect against
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inflammatory liver failure and ischemia reperfusion injury after
transplant procedures. This is because HO-1 has potent anti-
inflammatory properties; it attenuates the expression of various
proinflammatory genes, such as TNF-α, IL-1, and -6 by
mononuclear phagocytes and downregulates leukocytes
adhesion in response to oxidative stress (Mashreghi et al.,
2008; Vijayan et al., 2010). Similarly, intravenous
immunoglobulin G administration is used as a therapy for
many immune-mediated conditions, transplantation, and
systemic inflammatory diseases (e.g., SLE, Guillain-Barre
syndrome, RA, and more) because it inhibits DC maturation,
increases anti-inflammatory IL-10, and down-regulates pro-
inflammatory T cells (Bayry et al., 2003) (Figure 4). These
approaches, which decrease NK cell numbers and blunt DC
maturation, may demonstrate similar effectiveness in restoring
a proper immune balance in PreE and therefore deserve further
exploration.

DISCUSSION

A healthy pregnancy requires a balance of pro- and anti-
inflammatory immune factors to accomplish proper
placentation and protect the pregnant person from invading
pathogens, while also establishing tolerance to fetal antigens.
Growing evidence indicates that PreE pathology is in part
attributed to an altered immune response; namely elevated
pro-inflammatory Th1/Th17 and reduced anti-inflammatory
Treg/Th2, along with their respective cytokines (Redman et al.,
1999; Redman and Sargent, 2010). A dysregulated inflammatory
response is associated with poor invasion and inadequate
remodeling of the uterine spiral arteries during stage one of
the classic Two Stage model of PreE (Redman, 1991; Redman
et al., 1999). There is subsequent placental oxidative stress and
hypoxia, and Stage 2 follows, prompting further pro-
inflammation and ultimately the clinical manifestations of
PreE (HTN, proteinuria, and end-organ damage) (Redman
et al., 1999; Committee on Practice Bulletins-Obstetrics, 2020).
Though the exact mechanism driving this immune shift is not
fully understood, there is compelling evidence that maladaptation
to fetal/paternal alloantigens is to blame. Immune modulation is
thus a prime goal of successful PreE prophylactics (Li and Wi,
2000; Kho et al., 2009; Redman and Sargent, 2010).

Immunomodulation in other immune-mediated diseases to
improve the immunosuppressive capacity of Tregs and decrease
Th1/Th17 activation may offer viable strategies for the treatment
and prevention of PreE. Specifically, immunomodulators
targeting CD4+ T cell mechanisms are emerging as potential
drugs of interest for PreE. Together, the studies and findings
reviewed here point to a promising role for modulation of Tregs,
Th1, and Th17 cells, in particular by specific cytokine inducers or
suppressors. Existing classes of drugs (e.g., statins,
spironolactone) may also be harnessed to achieve cytokine/
chemokine modulation and thereby CD4+ T cell attenuation
to treat and prevent PreE. The weight of the evidence also
demonstrates that specific modulators (e.g., anti-IL-17) may be
less effective than more global immunomodulatory agents (e.g.,

anti-CD28) in reducing the burden of pro-inflammatory CD4+
T cells in PreE pathogenesis.

Application of approved therapies for other immune-
mediated diseases to the treatment of PreE has likewise
yielded promising results. While most studies aim to
normalize immune dysregulation by stimulating Treg cells and
inhibiting Th1 and Th17 cells via cytokine induction or
suppression of their downstream activation by mature DC or
apoptotic debris (due to NK cells), adoptive transfer of Treg cells,
or neutralization of pro-inflammatory cytokines via antibody-
based drugs also offers promise. Furthermore, Treg therapies
have gained popularity for use in combatting inflammatory and
immune diseases. Over 50 total registered clinical trials using
Tregs occurred in 2019: 12 for autoimmune diseases, 23 for
hematopoietic stem cell transplantation or graft-versus-host
disease, and 16 for solid organ transplantation (Ferreira et al.,
2019). PreE pregnancies have striking commonalities to these
disease categories. Because the immunological mechanisms
underlying PreE are likely present very early in pregnancy,
targeting CD4+ T cell pathways provides a possible and very
promising avenue for PreE prevention, as this review
demonstrates. Ultimately, by normalizing the maternal
response to fetal antigens and the broader immune state (e.g.
restoring the proper Th1/17:Treg/Th2 cell ratio), PreE
pathogenesis may be interrupted.

Despite some successes, the application of specific
immunomodulatory tactics to PreE is currently limited due to
poor chemical stability, high cost, regulatory restrictions, and
poor patient compliance with repeated dosing protocols (Xiao
et al., 2021). However, existing work in other pro-inflammatory
disorders offer important insights into the treatment of PreE, a
devastating disease that impacts nearly 6.6 million pregnancies
globally each year (Duley, 2009). It is essential that research
continue to develop and assess improved or novel approaches to
treating and preventing the immunology of PreE.

AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct, and intellectual
contribution to the work and approved it for publication.

FUNDING

The authors wish to acknowledge the funding sources including
the University of Iowa Premed Student Summer Research
Program, National Institutes of Health (This study was
supported by the National Institutes of Health (R01HD089940,
T32MH01911328), and the American Heart Association
(18SCG34350001). Data reported in this publication received
research support and financial support from the National Center
for Advancing Translational Sciences of the National Institutes of
Health (UL1TR002537, UL1TR002537-S1). The funders play no
role in study design, collection/analysis/interpretation of data,
writing of this manuscript, and the decision to submit the
manuscript.

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org January 2022 | Volume 9 | Article 81141712

Murray et al. T Cell Pathways to Prevent Preeclampsia

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


REFERENCES

Committee on Practice Bulletins-Obstetrics (2020), Gestational Hypertension and
Preeclampsia: ACOG Practice Bulletin Summary, Number 222.Obstet. Gynecol.
135, 1492, 1495. doi:10.1097/AOG.0000000000003892

Al-Safi, Z., Imudia, A. N., Filetti, L. C., Hobson, D. T., Bahado-Singh, R. O., and
Awonuga, A. O. (2011). Delayed Postpartum Preeclampsia and Eclampsia.
Obstet. Gynecol. 118, 1102–1107. doi:10.1097/aog.0b013e318231934c

Albert, M. A., Danielson, E., Rifai, N., Ridker, P. M., and for the Prince
Investigators, f. t. P. (2001). Effect of Statin Therapy on C-Reactive Protein
Levels. JAMA 286, 64–70. doi:10.1001/jama.286.1.64

Alexander, B. T., Rinewalt, A. N., Cockrell, K. L., Massey, M. B., Bennett, W. A., and
Granger, J. P. (2001). Endothelin Type a Receptor Blockade Attenuates the
Hypertension in Response to Chronic Reductions in Uterine Perfusion
Pressure. Hypertension 37, 485–489. doi:10.1161/01.hyp.37.2.485

Alijotas-Reig, J., Esteve-Valverde, E., Ferrer-Oliveras, R., Llurba, E., and Gris, J. M.
(2017). Tumor Necrosis Factor-Alpha and Pregnancy: Focus on Biologics. An
Updated and Comprehensive Review. Clinic Rev. Allerg Immunol. 53, 40–53.
doi:10.1007/s12016-016-8596-x

Amador, C. A., Barrientos, V., Peña, J., Herrada, A. A., González, M., Valdés,
S., et al. (2014). Spironolactone Decreases DOCA-Salt-Induced Organ
Damage by Blocking the Activation of T Helper 17 and the
Downregulation of Regulatory T Lymphocytes. Hypertension 63,
797–803. doi:10.1161/HYPERTENSIONAHA.113.02883

Amaral, L. M., Wallace, K., Owens, M., and LaMarca, B. (2017). Pathophysiology
and Current Clinical Management of Preeclampsia. Curr. Hypertens. Rep. 19,
61. doi:10.1007/s11906-017-0757-7

Aneman, I., Pienaar, D., Suvakov, S., Simic, T. P., Garovic, V. D., and McClements,
L. (2020). Mechanisms of Key Innate Immune Cells in Early- and Late-Onset
Preeclampsia. Front. Immunol. 11, 1864. doi:10.3389/fimmu.2020.01864

Basting, T., and Lazartigues, E. (2017). DOCA-salt Hypertension: an Update. Curr.
Hypertens. Rep. 19, 32. doi:10.1007/s11906-017-0731-4

B. Institute of Medicine Committee on Understanding Premature (2007). “O.
Assuring Healthy,” in Preterm Birth: Causes, Consequences, and Prevention.
Editors R. E. Behrman and A. S. Butler (Washington (DC): National Academies
Press (US)Copyright © 2007, National Academy of Sciences.).

Bayry, J., Lacroix-Desmazes, S., Carbonneil, C., Misra, N., Donkova, V., Pashov, A.,
et al. (2003). Inhibition of Maturation and Function of Dendritic Cells by
Intravenous Immunoglobulin. Blood 101, 758–765. doi:10.1182/blood-2002-
05-1447

Bellamy, L., Casas, J.-P., Hingorani, A. D., and Williams, D. J. (2007). Pre-
eclampsia and Risk of Cardiovascular Disease and Cancer in Later Life:
Systematic Review and Meta-Analysis. Bmj 335, 974. doi:10.1136/
bmj.39335.385301.be

Birukov, A., Andersen, L. B., Herse, F., Rakova, N., Kitlen, G., Kyhl, H. B., et al.
(2019). Aldosterone, Salt, and Potassium Intakes as Predictors of Pregnancy
Outcome, Including Preeclampsia. Hypertension 74, 391–398. doi:10.1161/
HYPERTENSIONAHA.119.12924

Bluestone, J. A., Buckner, J. H., Fitch, M., Gitelman, S. E., Gupta, S., Hellerstein, M.
K., et al. (2015). Type 1 Diabetes Immunotherapy Using Polyclonal Regulatory
T Cells. Sci. Transl Med. 7, 315ra189. doi:10.1126/scitranslmed.aad4134

Boesen, E. I. (2018). ETA Receptor Activation Contributes to T Cell Accumulation
in the Kidney Following Ischemia-Reperfusion Injury. Physiol. Rep. 6, e13865.
doi:10.14814/phy2.13865

Borzychowski, A. M., Sargent, I. L., and Redman, C. W. G. (2006). Inflammation
and Pre-eclampsia. Semin. Fetal Neonatal Med. 11, 309–316. doi:10.1016/
j.siny.2006.04.001

Brown, M. A., Magee, L. A., Kenny, L. C., Karumanchi, S. A., McCarthy, F. P., Saito,
S., et al. (2018). Hypertensive Disorders of Pregnancy. Hypertension 72, 24–43.
doi:10.1161/hypertensionaha.117.10803

Bulcão, C., Ribeiro-Filho, F. F., Sañudo, A., and Roberta Ferreira, S. G. (2007).
Effects of Simvastatin and Metformin on Inflammation and Insulin Resistance
in Individuals with Mild Metabolic Syndrome. Am. J. Cardiovasc. Drugs : Drugs
devices, other interventions 7, 219–224.

Burton, G. J., Redman, C. W., Roberts, J. M., and Moffett, A. (2019). Pre-eclampsia:
Pathophysiology and Clinical Implications. Bmj 366, l2381. doi:10.1136/
bmj.l2381

Burton, G. J., Woods, A.W., Jauniaux, E., and Kingdom, J. C. P. (2009). Rheological
and Physiological Consequences of Conversion of the Maternal Spiral Arteries
for Uteroplacental Blood Flow during Human Pregnancy. Placenta 30,
473–482. doi:10.1016/j.placenta.2009.02.009

Chen, L. M., Liu, B., Zhao, H. B., Stone, P., Chen, Q., and Chamley, L. (2010). IL-6,
TNFα and TGFβ Promote Nonapoptotic Trophoblast Deportation and
Subsequently Causes Endothelial Cell Activation. Placenta 31, 75–80.
doi:10.1016/j.placenta.2009.11.005

Cornelius, D. C., Hogg, J. P., Scott, J., Wallace, K., Herse, F., Moseley, J., et al.
(2013). Administration of Interleukin-17 Soluble Receptor C Suppresses TH17
Cells, Oxidative Stress, and Hypertension in Response to Placental Ischemia
during Pregnancy. Hypertension 62, 1068–1073. doi:10.1161/
HYPERTENSIONAHA.113.01514

Cornelius, D. C. (2018). Preeclampsia: From Inflammation to Immunoregulation.
Clin. Med. Insights Blood Disord. 11, 1179545x17752325. doi:10.1177/
1179545X17752325

Cornelius, D. C., Amaral, L. M., Harmon, A., Wallace, K., Thomas, A. J., Campbell,
N., et al. (2015). An Increased Population of Regulatory T Cells Improves the
Pathophysiology of Placental Ischemia in a Rat Model of Preeclampsia. Am.
J. Physiology-Regulatory, Integr. Comp. Physiol. 309, R884–R891. doi:10.1152/
ajpregu.00154.2015

Cornelius, D. C., Cottrell, J., Amaral, L. M., and LaMarca, B. (2019). Inflammatory
Mediators: a Causal Link to Hypertension during Preeclampsia. Br.
J. Pharmacol. 176, 1914–1921. doi:10.1111/bph.14466

Costantine, M. M., Cleary, K., Hebert, M. F., Ahmed, M. S., Brown, L. M., Ren, Z.,
et al. (2016). Safety and Pharmacokinetics of Pravastatin Used for the
Prevention of Preeclampsia in High-Risk Pregnant Women: a Pilot
Randomized Controlled Trial. Am. J. Obstet. Gynecol. 214,
720.e721–e17.e717. doi:10.1016/j.ajog.2015.12.038

Costantine, M. M., West, H., Wisner, K. L., Caritis, S., Clark, S., Venkataramanan,
R., et al. (2021). A Randomized Pilot Clinical Trial of Pravastatin versus Placebo
in Pregnant Patients at High Risk of Preeclampsia. Am. J. Obstet. Gynecol. 225
(6), 666.e1–666.e15. doi:10.1016/j.ajog.2021.05.018

Dall’Era, M., Pauli, M. L., Remedios, K., Taravati, K., Sandova, P. M., Putnam, A. L.,
et al. (2019). Adoptive Treg Cell Therapy in a Patient with Systemic Lupus
Erythematosus. Arthritis Rheumatol. 71, 431–440. doi:10.1002/art.40737

Davisson, R. L., Hoffmann, D. S., Butz, G. M., Aldape, G., Schlager, G., Merrill, D.
C., et al. (2002). Discovery of a Spontaneous Genetic Mouse Model of
Preeclampsia. Hypertension 39, 337–342. doi:10.1161/hy02t2.102904

Dietrich, T., Hucko, T., Schneemann, C., Neumann, M., Menrad, A., Willuda, J.,
et al. (2012). Local Delivery of IL-2 Reduces Atherosclerosis via Expansion of
Regulatory T Cells. Atherosclerosis 220, 329–336. doi:10.1016/
j.atherosclerosis.2011.09.050

Dodd, J. M., Jones, L., Flenady, V., Cincotta, R., and Crowther, C. A. (2013).
Prenatal Administration of Progesterone for Preventing Preterm Birth in
Women Considered to Be at Risk of Preterm Birth. Cochrane database Syst.
Rev., Cd004947. doi:10.1002/14651858.cd004947.pub3

Dosiou, C., and Giudice, L. C. (2005). Natural Killer Cells in Pregnancy and
Recurrent Pregnancy Loss: Endocrine and Immunologic Perspectives. Endocr.
Rev. 26, 44–62. doi:10.1210/er.2003-0021

Duckitt, K., and Harrington, D. (2005). Risk Factors for Pre-eclampsia at Antenatal
Booking: Systematic Review of Controlled Studies. Bmj 330, 565. doi:10.1136/
bmj.38380.674340.e0

Duley, L., Gülmezoglu, A. M., Henderson-Smart, D. J., and Chou, D. (2010).
Magnesium Sulphate and Other Anticonvulsants for Women with Pre-
eclampsia. Cochrane Database Syst. Rev. 2010, Cd000025. doi:10.1002/
14651858.CD000025.pub2

Duley, L. (2009). The Global Impact of Pre-eclampsia and Eclampsia. Semin.
Perinatology 33, 130–137. doi:10.1053/j.semperi.2009.02.010

Elfarra, J. T., Cottrell, J. N., Cornelius, D. C., Cunningham, M. W., Faulkner, J. L.,
Ibrahim, T., et al. (2020). 17-Hydroxyprogesterone Caproate Improves T Cells
and NK Cells in Response to Placental Ischemia; New Mechanisms of Action
for an Old Drug. Pregnancy Hypertens. 19, 226–232. doi:10.1016/
j.preghy.2019.11.005

Esteve-Valverde, E., Ferrer-Oliveras, R., Gil-Aliberas, N., Baraldès-Farré, A.,
Llurba, E., and Alijotas-Reig, J. (2018). Pravastatin for Preventing and
Treating Preeclampsia: A Systematic Review. Obstetrical Gynecol. Surv. 73,
40–55. doi:10.1097/ogx.0000000000000522

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org January 2022 | Volume 9 | Article 81141713

Murray et al. T Cell Pathways to Prevent Preeclampsia

https://doi.org/10.1097/AOG.0000000000003892
https://doi.org/10.1097/aog.0b013e318231934c
https://doi.org/10.1001/jama.286.1.64
https://doi.org/10.1161/01.hyp.37.2.485
https://doi.org/10.1007/s12016-016-8596-x
https://doi.org/10.1161/HYPERTENSIONAHA.113.02883
https://doi.org/10.1007/s11906-017-0757-7
https://doi.org/10.3389/fimmu.2020.01864
https://doi.org/10.1007/s11906-017-0731-4
https://doi.org/10.1182/blood-2002-05-1447
https://doi.org/10.1182/blood-2002-05-1447
https://doi.org/10.1136/bmj.39335.385301.be
https://doi.org/10.1136/bmj.39335.385301.be
https://doi.org/10.1161/HYPERTENSIONAHA.119.12924
https://doi.org/10.1161/HYPERTENSIONAHA.119.12924
https://doi.org/10.1126/scitranslmed.aad4134
https://doi.org/10.14814/phy2.13865
https://doi.org/10.1016/j.siny.2006.04.001
https://doi.org/10.1016/j.siny.2006.04.001
https://doi.org/10.1161/hypertensionaha.117.10803
https://doi.org/10.1136/bmj.l2381
https://doi.org/10.1136/bmj.l2381
https://doi.org/10.1016/j.placenta.2009.02.009
https://doi.org/10.1016/j.placenta.2009.11.005
https://doi.org/10.1161/HYPERTENSIONAHA.113.01514
https://doi.org/10.1161/HYPERTENSIONAHA.113.01514
https://doi.org/10.1177/1179545X17752325
https://doi.org/10.1177/1179545X17752325
https://doi.org/10.1152/ajpregu.00154.2015
https://doi.org/10.1152/ajpregu.00154.2015
https://doi.org/10.1111/bph.14466
https://doi.org/10.1016/j.ajog.2015.12.038
https://doi.org/10.1016/j.ajog.2021.05.018
https://doi.org/10.1002/art.40737
https://doi.org/10.1161/hy02t2.102904
https://doi.org/10.1016/j.atherosclerosis.2011.09.050
https://doi.org/10.1016/j.atherosclerosis.2011.09.050
https://doi.org/10.1002/14651858.cd004947.pub3
https://doi.org/10.1210/er.2003-0021
https://doi.org/10.1136/bmj.38380.674340.e0
https://doi.org/10.1136/bmj.38380.674340.e0
https://doi.org/10.1002/14651858.CD000025.pub2
https://doi.org/10.1002/14651858.CD000025.pub2
https://doi.org/10.1053/j.semperi.2009.02.010
https://doi.org/10.1016/j.preghy.2019.11.005
https://doi.org/10.1016/j.preghy.2019.11.005
https://doi.org/10.1097/ogx.0000000000000522
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


Ferreira, L. M. R., Muller, Y. D., Bluestone, J. A., and Tang, Q. (2019). Next-
generation Regulatory T Cell Therapy. Nat. Rev. Drug Discov. 18, 749–769.
doi:10.1038/s41573-019-0041-4

Fischer, C., and Voss, A. (2014). Three-Dimensional Segmented PoincarÃ Plot
Analyses SPPA3 Investigates Cardiovascular and Cardiorespiratory Couplings
in Hypertensive Pregnancy Disorders. Front. Bioeng. Biotechnol. 2, 51.
doi:10.3389/fbioe.2014.00051

Foks, A. C., Lichtman, A. H., and Kuiper, J. (2015). Treating Atherosclerosis with
Regulatory T Cells. Atvb 35, 280–287. doi:10.1161/atvbaha.114.303568

Fukui, A., Yokota, M., Funamizu, A., Nakamua, R., Fukuhara, R., Yamada, K., et al.
(2012). Changes of NK Cells in Preeclampsia. Am. J. Reprod. Immunol. 67,
278–286. doi:10.1111/j.1600-0897.2012.01120.x

Gathiram, P., and Moodley, J. (2016). Pre-eclampsia: its Pathogenesis and
Pathophysiolgy. Cvja 27, 71–78. doi:10.5830/cvja-2016-009

Göhner, C., Plösch, T., and Faas, M. M. (2017). Immune-modulatory Effects of
Syncytiotrophoblast Extracellular Vesicles in Pregnancy and Preeclampsia.
Placenta 60 (Suppl. 1), S41–S51. doi:10.1016/j.placenta.2017.06.004

Graham, D. B., and Xavier, R. J. (2020). Pathway Paradigms Revealed from the
Genetics of Inflammatory Bowel Disease. Nature 578, 527–539. doi:10.1038/
s41586-020-2025-2

Gu, P., Fang Gao, J., D’Souza, C. A., Kowalczyk, A., Chou, K.-Y., and Zhang, L.
(2012). Trogocytosis of CD80 and CD86 by Induced Regulatory T Cells. Cell
Mol Immunol 9, 136–146. doi:10.1038/cmi.2011.62

Gumusoglu, S. B., Chilukuri, A. S. S., Santillan, D. A., Santillan, M. K., and Stevens,
H. E. (2020). Neurodevelopmental Outcomes of Prenatal Preeclampsia
Exposure. Trends Neurosciences 43, 253–268. doi:10.1016/j.tins.2020.02.003

Gupta, S., and Roman, A. S. (2012). 17-α Hydroxyprogesterone Caproate for the
Prevention of Preterm Birth.Womens Health (Lond Engl. 8, 21–30. doi:10.2217/
whe.11.78

Guruli, G., Pflug, B. R., Pecher, S., Makarenkova, V., Shurin, M. R., and Nelson, J. B.
(2004). Function and Survival of Dendritic Cells Depend on Endothelin-1 and
Endothelin Receptor Autocrine Loops. Blood 104, 2107–2115. doi:10.1182/
blood-2003-10-3559

Guzik, T. J., Hoch, N. E., Brown, K. A., McCann, L. A., Rahman, A., Dikalov, S.,
et al. (2007). Role of the T Cell in the Genesis of Angiotensin II-Induced
Hypertension and Vascular Dysfunction. J. Exp. Med. 204, 2449–2460.
doi:10.1084/jem.20070657

Harmon, A. C., Cornelius, D. C., Amaral, L. M., Faulkner, J. L., Cunningham, M.
W., Wallace, K., et al. (2016). The Role of Inflammation in the Pathology of
Preeclampsia. Clin. Sci. (Lond) 130, 409–419. doi:10.1042/cs20150702

Harmon, A., Cornelius, D., Amaral, L., Paige, A., Herse, F., Ibrahim, T., et al.
(2015). IL-10 Supplementation Increases Tregs and Decreases Hypertension in
the RUPP Rat Model of Preeclampsia. Hypertens. Pregnancy 34, 291–306.
doi:10.3109/10641955.2015.1032054

Hernández-Díaz, S., Toh, S., and Cnattingius, S. (2009). Risk of Pre-eclampsia in
First and Subsequent Pregnancies: Prospective Cohort Study. BMJ (Clinical
research ed.) 338, b2255.

Heyward, C. Y., Sones, J. L., Lob, H. E., Yuen, L. C., Abbott, K. E., Huang, W., et al.
(2017). The Decidua of Preeclamptic-like BPH/5 Mice Exhibits an Exaggerated
Inflammatory Response during Early Pregnancy. J. Reprod. Immunol. 120,
27–33. doi:10.1016/j.jri.2017.04.002

Hoffmann, D. S., Weydert, C. J., Lazartigues, E., Kutschke, W. J., Kienzle, M. F.,
Leach, J. E., et al. (2008). Chronic Tempol Prevents Hypertension, Proteinuria,
and Poor Feto-Placental Outcomes in BPH/5 Mouse Model of Preeclampsia.
Hypertension 51, 1058–1065. doi:10.1161/HYPERTENSIONAHA.107.107219

Howerton, C. L., and Bale, T. L. (2012). Prenatal Programing: at the Intersection of
Maternal Stress and Immune Activation. Horm. Behav. 62, 237–242.
doi:10.1016/j.yhbeh.2012.03.007

Huppertz, B., and Kingdom, J. C. P. (2004). Apoptosis in the Trophoblast-Role of
Apoptosis in Placental Morphogenesis. J. Soc. Gynecol. Investig. 11, 353–362.
doi:10.1016/j.jsgi.2004.06.002

Ibrahim, T., Przybyl, L., Harmon, A. C., Amaral, L. M., Faulkner, J. L., Cornelius, D.
C., et al. (2017). Proliferation of Endogenous Regulatory T Cells Improve the
Pathophysiology Associated with Placental Ischaemia of Pregnancy. Am.
J. Reprod. Immunol. 78, e12724. doi:10.1111/aji.12724

Ingman, W. V., and Jones, R. L. (2008). Cytokine Knockouts in Reproduction: the
Use of Gene Ablation to Dissect Roles of Cytokines in Reproductive Biology.
Hum. Reprod. Update 14, 179–192. doi:10.1093/humupd/dmm042

Jafri, S., and Ormiston, M. L. (2017). Immune Regulation of Systemic
Hypertension, Pulmonary Arterial Hypertension, and Preeclampsia: Shared
Disease Mechanisms and Translational Opportunities. Am. J. Physiology-
Regulatory, Integr. Comp. Physiol. 313, R693–r705. doi:10.1152/
ajpregu.00259.2017

Egan, J. L., and Maaser, C. (2009). “Inflammatory Bowel Diseases,” in
Pharmacology and Therapeutics. Editor S. A. Waldman (Philadelphia: W.B.
Saunders), 487–503. doi:10.1016/b978-1-4160-3291-5.50037-8

J. K. Aronson (Editor) (2006). Meyler’s Side Effects of Drugs: The International
Encyclopedia of Adverse Drug Reactions and Interactions. Fifteenth Edition
(Amsterdam: Elsevier), 1279–1282.

Johansen, C. B., Jimenez-Solem, E., Haerskjold, A., Sand, F. L., and Thomsen, S. F.
(2018). The Use and Safety of TNF Inhibitors during Pregnancy in Women
with Psoriasis: A Review. Int. J. Mol. Sci. 19. doi:10.3390/ijms19051349

Kaplanski, G., Fabrigoule, M., Boulay, V., Dinarello, C. A., Bongrand, P., Kaplanski,
S., et al. (1997). Thrombin Induces Endothelial Type II Activation In Vitro: IL-1
and TNF-alpha-independent IL-8 Secretion and E-Selectin Expression.
J. Immunol. 158, 5435–5441.

Khashu, M., Narayanan, M., Bhargava, S., and Osiovich, H. (2009). Perinatal
Outcomes Associated with Preterm Birth at 33 to 36 Weeks’ Gestation: A
Population-Based Cohort Study. Pediatrics 123, 109–113. doi:10.1542/
peds.2007-3743

Kho, E. M., McCowan, L. M. E., North, R. A., Roberts, C. T., Chan, E., Black, M. A.,
et al. (2009). Duration of Sexual Relationship and its Effect on Preeclampsia and
Small for Gestational Age Perinatal Outcome. J. Reprod. Immunol. 82, 66–73.
doi:10.1016/j.jri.2009.04.011

Krishnan, L., Nguyen, T., and McComb, S. (2013). From Mice to Women: the
Conundrum of Immunity to Infection during Pregnancy. J. Reprod. Immunol.
97, 62–73. doi:10.1016/j.jri.2012.10.015

Kumasawa, K., Ikawa, M., Kidoya, H., Hasuwa, H., Saito-Fujita, T., Morioka, Y.,
et al. (2011). Pravastatin Induces Placental Growth Factor (PGF) and
Ameliorates Preeclampsia in a Mouse Model. Proc. Natl. Acad. Sci. 108,
1451–1455. doi:10.1073/pnas.1011293108

Lai, Z., Kalkunte, S., and Sharma, S. (2011). A Critical Role of Interleukin-10 in
Modulating Hypoxia-Induced Preeclampsia-like Disease in Mice.Hypertension
57, 505–514. doi:10.1161/Hypertensionaha.110.163329

LaMarca, B. B., Cockrell, K., Sullivan, E., Bennett, W., and Granger, J. P. (2005).
Role of Endothelin in Mediating Tumor Necrosis Factor-Induced
Hypertension in Pregnant Rats. Hypertension 46, 82–86. doi:10.1161/
01.HYP.0000169152.59854.36

Leavey, K., Bainbridge, S. A., and Cox, B. J. (2015). Large Scale Aggregate
Microarray Analysis Reveals Three Distinct Molecular Subclasses of Human
Preeclampsia. PloS one 10, e0116508. doi:10.1371/journal.pone.0116508

Li, D.-K., and Wi, S. (2000). Changing Paternity and the Risk of Preeclampsia/
eclampsia in the Subsequent Pregnancy. Am. J. Epidemiol. 151, 57–62.
doi:10.1093/oxfordjournals.aje.a010122

Li, L., Yang, H., Chen, P., Xin, T., Zhou, Q., Wei, D., et al. (2020). Trophoblast-
Targeted Nanomedicine Modulates Placental sFLT1 for Preeclampsia
Treatment. Front. Bioeng. Biotechnol. 8, 64. doi:10.3389/fbioe.2020.00064

Lutsenko, E. D., Bondarovich, N. A., and Gol’tsev, A. N. (2014). Content of IL-10
and CD4+CD210+ Cells in Mice with Adjuvant Arthritis before and after
Treatment with Cryopreserved Placental Cells. Bull. Exp. Biol. Med. 157,
673–676. doi:10.1007/s10517-014-2641-7

Maganto-García, E., Bu, D-X., Tarrio, M. L., Alcaide, P., Newton, G., Griffin, G. K.,
et al. (2011). Foxp3+-Inducible Regulatory T Cells Suppress Endothelial
Activation and Leukocyte Recruitment. J. Immunol. 187, 3521–3529.
doi:10.4049/jimmunol.1003947

Mashreghi, M.-F., Klemz, R., Knosalla, I. S., Gerstmayer, B., Janssen, U., Buelow, R.,
et al. (2008). Inhibition of Dendritic Cell Maturation and Function Is
Independent of Heme Oxygenase 1 but Requires the Activation of STAT3.
J. Immunol. 180, 7919–7930. doi:10.4049/jimmunol.180.12.7919

Matrougui, K., Zakaria, A. E., Kassan, M., Choi, S., Nair, D., Gonzalez-Villalobos,
R. A., et al. (2011). Natural Regulatory T Cells Control Coronary Arteriolar
Endothelial Dysfunction in Hypertensive Mice. Am. J. Pathol. 178, 434–441.
doi:10.1016/j.ajpath.2010.11.034

Mayrink, J., Costa, M. L., and Cecatti, J. G. (2018). Preeclampsia in 2018: Revisiting
Concepts, Physiopathology, and Prediction. ScientificWorldJournal 2018,
6268276. doi:10.1155/2018/6268276

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org January 2022 | Volume 9 | Article 81141714

Murray et al. T Cell Pathways to Prevent Preeclampsia

https://doi.org/10.1038/s41573-019-0041-4
https://doi.org/10.3389/fbioe.2014.00051
https://doi.org/10.1161/atvbaha.114.303568
https://doi.org/10.1111/j.1600-0897.2012.01120.x
https://doi.org/10.5830/cvja-2016-009
https://doi.org/10.1016/j.placenta.2017.06.004
https://doi.org/10.1038/s41586-020-2025-2
https://doi.org/10.1038/s41586-020-2025-2
https://doi.org/10.1038/cmi.2011.62
https://doi.org/10.1016/j.tins.2020.02.003
https://doi.org/10.2217/whe.11.78
https://doi.org/10.2217/whe.11.78
https://doi.org/10.1182/blood-2003-10-3559
https://doi.org/10.1182/blood-2003-10-3559
https://doi.org/10.1084/jem.20070657
https://doi.org/10.1042/cs20150702
https://doi.org/10.3109/10641955.2015.1032054
https://doi.org/10.1016/j.jri.2017.04.002
https://doi.org/10.1161/HYPERTENSIONAHA.107.107219
https://doi.org/10.1016/j.yhbeh.2012.03.007
https://doi.org/10.1016/j.jsgi.2004.06.002
https://doi.org/10.1111/aji.12724
https://doi.org/10.1093/humupd/dmm042
https://doi.org/10.1152/ajpregu.00259.2017
https://doi.org/10.1152/ajpregu.00259.2017
https://doi.org/10.1016/b978-1-4160-3291-5.50037-8
https://doi.org/10.3390/ijms19051349
https://doi.org/10.1542/peds.2007-3743
https://doi.org/10.1542/peds.2007-3743
https://doi.org/10.1016/j.jri.2009.04.011
https://doi.org/10.1016/j.jri.2012.10.015
https://doi.org/10.1073/pnas.1011293108
https://doi.org/10.1161/Hypertensionaha.110.163329
https://doi.org/10.1161/01.HYP.0000169152.59854.36
https://doi.org/10.1161/01.HYP.0000169152.59854.36
https://doi.org/10.1371/journal.pone.0116508
https://doi.org/10.1093/oxfordjournals.aje.a010122
https://doi.org/10.3389/fbioe.2020.00064
https://doi.org/10.1007/s10517-014-2641-7
https://doi.org/10.4049/jimmunol.1003947
https://doi.org/10.4049/jimmunol.180.12.7919
https://doi.org/10.1016/j.ajpath.2010.11.034
https://doi.org/10.1155/2018/6268276
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


McDonnold, M., Tamayo, E., Kechichian, T., Gamble, P., Longo, M., Hankins, G.
D., et al. (2014). The Effect of Prenatal Pravastatin Treatment on Altered Fetal
Programming of Postnatal Growth and Metabolic Function in a Preeclampsia-
like Murine Model. Am. J. Obstet. Gynecol. 210, 542–547. doi:10.1016/
j.ajog.2014.01.010

Morris, R., Spencer, S.-K., Kyle, P. B., Williams, J. M., Harris, A. s., Owens, M. Y.,
et al. (2016). Hypertension in an Animal Model of HELLP Syndrome Is
Associated with Activation of Endothelin 1. Reprod. Sci. 23, 42–50.
doi:10.1177/1933719115592707

Mostello, D., Kallogjeri, D., Tungsiripat, R., and Leet, T. (2008). Recurrence of
Preeclampsia: Effects of Gestational Age at Delivery of the First Pregnancy,
BodyMass index, Paternity, and Interval between Births.Am. J. Obstet. Gynecol.
199, 55–57. doi:10.1016/j.ajog.2007.11.058

Narazaki, M., Tanaka, T., and Kishimoto, T. (2017). The Role and Therapeutic
Targeting of IL-6 in Rheumatoid Arthritis. Expert Rev. Clin. Immunol. 13,
535–551. doi:10.1080/1744666x.2017.1295850

National Institute of Diabetes and Digestive and Kidney Diseases, LiverTox:
Clinical and Research Information on Drug-Induced Liver Injury [Internet],
Bethesda (MD), 2012).

Ou, H.-x., Guo, B.-b., Liu, Q., Li, Y.-k., Yang, Z., Feng, W.-j., et al. (2018).
Regulatory T Cells as a New Therapeutic Target for Atherosclerosis. Acta
Pharmacol. Sin 39, 1249–1258. doi:10.1038/aps.2017.140

Perschbacher, K. J., Deng, G., Sandgren, J. A., Walsh, J. W., Witcher, P. C.,
Sapouckey, S. A., et al. (2020). Reduced mRNA Expression of RGS2
(Regulator of G Protein Signaling-2) in the Placenta Is Associated with
Human Preeclampsia and Sufficient to Cause Features of the
Disorder in Mice. Hypertension 75, 569–579. doi:10.1161/
HYPERTENSIONAHA.119.14056

Raghupathy, R. (2013). Cytokines as Key Players in the Pathophysiology of
Preeclampsia. Med. Princ Pract. 22 Suppl 1 (Suppl. 1), 8–19. doi:10.1159/
000354200

Raja, H., Matteson, E. L., Michet, C. J., Smith, J. R., and Pulido, J. S. (2012). Safety of
Tumor Necrosis Factor Inhibitors during Pregnancy and Breastfeeding. Trans.
Vis. Sci. Tech. 1, 6. doi:10.1167/tvst.1.2.6

Rambaldi, M. P., Weiner, E., Mecacci, F., Bar, J., and Petraglia, F. (2019).
Immunomodulation and Preeclampsia. Best Pract. Res. Clin. Obstet.
Gynaecol. 60, 87–96. doi:10.1016/j.bpobgyn.2019.06.005

Redecha, P., van Rooijen, N., Torry, D., and Girardi, G. (2009). Pravastatin
Prevents Miscarriages in Mice: Role of Tissue Factor in Placental and Fetal
Injury. Blood 113, 4101–4109. doi:10.1182/blood-2008-12-194258

Redman, C. W. G. (2011). Hypertension in Pregnancy: the NICE Guidelines.Heart
97, 1967–1969. doi:10.1136/heartjnl-2011-300949

Redman, C. W. G. (1991). Pre-eclampsia and the Placenta. Placenta 12, 301–308.
doi:10.1016/0143-4004(91)90339-h

Redman, C. W. G., Sacks, G. P., and Sargent, I. L. (1999). Preeclampsia: An
Excessive Maternal Inflammatory Response to Pregnancy. Am. J. Obstet.
Gynecol. 180, 499–506. doi:10.1016/s0002-9378(99)70239-5

Redman, C. W. G., and Sargent, I. L. (2010). Immunology of Pre-eclampsia. Am.
J. Reprod. Immunol. 63, 534–543. doi:10.1111/j.1600-0897.2010.00831.x

Redman, C. W. G. (2013). Stress Responses and Pre-eclampsia. Pregnancy
Hypertens. Int. J. Women’s Cardiovasc. Health 3, 57. doi:10.1016/
j.preghy.2013.04.003

Redman, C. W., and Sargent, I. L. (2005). Latest Advances in Understanding
Preeclampsia. Science 308, 1592–1594. doi:10.1126/science.1111726

Reed, M. D., Yim, Y. S., Wimmer, R. D., Kim, H., Ryu, C., Welch, G. M., et al.
(2020). IL-17a Promotes Sociability in Mouse Models of Neurodevelopmental
Disorders. Nature 577, 249–253. doi:10.1038/s41586-019-1843-6

Ridker, P. M., Everett, B. M., Thuren, T., MacFadyen, J. G., Chang, W. H.,
Ballantyne, C., et al. (2017). Antiinflammatory Therapy with Canakinumab
for Atherosclerotic Disease. N. Engl. J. Med. 377, 1119–1131. doi:10.1056/
nejmoa1707914

Roberge, S., Bujold, E., and Nicolaides, K. H. (2018). Aspirin for the Prevention of
Preterm and Term Preeclampsia: Systematic Review and Metaanalysis. Am.
J. Obstet. Gynecol. 218, 287–293. doi:10.1016/j.ajog.2017.11.561

Roberge, S., Nicolaides, K., Demers, S., Hyett, J., Chaillet, N., and Bujold, E. (2017).
The Role of Aspirin Dose on the Prevention of Preeclampsia and Fetal Growth
Restriction: Systematic Review and Meta-Analysis. Am. J. Obstet. Gynecol. 216,
110–120. doi:10.1016/j.ajog.2016.09.076

Robertson, S. A., Green, E. S., Care, A. S., Moldenhauer, L. M., Prins, J. R., Hull, M.
L., et al. (2019). Therapeutic Potential of Regulatory T Cells in Preeclampsia-
Opportunities and Challenges. Front. Immunol. 10, 478. doi:10.3389/
fimmu.2019.00478

Roger, V. L., Go, A. S., Lloyd-Jones, D. M., Adams, R. J., Berry, J. D., Brown, T. M.,
et al. (2011). Heart Disease and Stroke Statistics--2011 Update: a Report from
the American Heart Association. Circulation 123, e18–e209. doi:10.1161/
CIR.0b013e3182009701

Saad, A. F., Diken, Z. M., Kechichian, T. B., Clark, S. M., Olson, G. L., Saade, G. R.,
et al. (2016). Pravastatin Effects on Placental Prosurvival Molecular Pathways in
a Mouse Model of Preeclampsia. Reprod. Sci. 23, 1593–1599. doi:10.1177/
1933719116648218

Saad, A. F., Kechichian, T., Yin, H., Sbrana, E., Longo, M., Wen, M., et al. (2014).
Effects of Pravastatin on Angiogenic and Placental Hypoxic Imbalance in a
Mouse Model of Preeclampsia. Reprod. Sci. 21, 138–145. doi:10.1177/
1933719113492207

Saftlas, A. F., Levine, R. J., Klebanoff, M. A., Martz, K. L., Ewell, G. M., and Morris,
C. D. (2003). Abortion, Changed Paternity, and Risk of Preeclampsia in
Nulliparous Women. Am. J. Epidemiol. 157, 1108–1114. doi:10.1093/aje/
kwg101

Saito, S., Sakai, M., Sasaki, Y., Nakashima, A., and Shiozaki, A. (2007). Inadequate
Tolerance InductionMay Induce Pre-eclampsia. J. Reprod. Immunol. 76, 30–39.
doi:10.1016/j.jri.2007.08.002

Santillan, M. K., Santillan, D. A., Sigmund, C. D., and Hunter, S. K. (2009). From
Molecules to Medicine: a Future Cure for Preeclampsia? Drug News Perspect.
22, 531–541. doi:10.1358/dnp.2009.22.9.1437961

S. Antonopoulos, A., Margaritis, M., Lee, R., Channon, K., and Antoniades, C.
(2012). Statins as Anti-inflammatory Agents in Atherogenesis: Molecular
Mechanisms and Lessons from the Recent Clinical Trials. Cpd 18,
1519–1530. doi:10.2174/138161212799504803

Sargent, I. L., Borzychowski, A. M., and Redman, C. W. G. (2007). NK Cells and
Pre-eclampsia. J. Reprod. Immunol. 76, 40–44. doi:10.1016/j.jri.2007.03.009

Sargent, I. L., Borzychowski, A. M., and Redman, C. W. (2006). Immunoregulation
in normal Pregnancy and Pre-eclampsia: an Overview. Reprod. Biomed. Online
13, 680–686. doi:10.1016/s1472-6483(10)60659-1

Sasaki, Y., Darmochwal-Kolarz, D., Suzuki, D., Sakai, M., Ito, M., Shima, T., et al.
(2007). Proportion of Peripheral Blood and Decidual CD4+ CD25bright
Regulatory T Cells in Pre-eclampsia. Clin. Exp. Immunol. 149, 139–145.
doi:10.1111/j.1365-2249.2007.03397.x

Scroggins, S. M., Santillan, D. A., Lund, J. M., Sandgren, J. A., Krotz, L. K.,
Hamilton, W. S., et al. (2018). Elevated Vasopressin in Pregnant Mice Induces
T-Helper Subset Alterations Consistent with Human Preeclampsia. Clin. Sci.
(Lond) 132, 419–436. doi:10.1042/cs20171059

Shan, J., Jin, H., and Xu, Y. (2020). T Cell Metabolism: A New Perspective on Th17/
Treg Cell Imbalance in Systemic Lupus Erythematosus. Front. Immunol. 11,
1027. doi:10.3389/fimmu.2020.01027

Small, H. Y., Nosalski, R., Morgan, H., Beattie, E., Guzik, T. J., Graham, D., et al.
(2016). Role of Tumor Necrosis Factor-α and Natural Killer Cells in Uterine
Artery Function and Pregnancy Outcome in the Stroke-Prone Spontaneously
Hypertensive Rat. Hypertension 68, 1298–1307. doi:10.1161/
HYPERTENSIONAHA.116.07933

Staff, A. C. (2019). The Two-Stage Placental Model of Preeclampsia: An Update.
J. Reprod. Immunol. 134-135, 1–10. doi:10.1016/j.jri.2019.07.004

Tabares, P., Berr, S., Römer, P. S., Chuvpilo, S., Matskevich, A. A., Tyrsin, D., et al.
(2014). Human Regulatory T Cells Are Selectively Activated by Low-dose
Application of the CD28 Superagonist TGN1412/TAB08. Eur. J. Immunol. 44,
1225–1236. doi:10.1002/eji.201343967

Tanaka, K., Yoshioka, K., Tatsumi, K., Kimura, S., and Kasuya, Y. (2014).
Endothelin Regulates Function of IL-17-producing T Cell Subset. Life Sci.
118, 244–247. doi:10.1016/j.lfs.2014.01.084

Tao, Y., Li, Y-H., Zhang, D., Xu, L., Chen, J-J., Sang, Y-F., et al. (2021). Decidual
CXCR4(+) CD56(bright) NK Cells as a Novel NK Subset in Maternal-Foetal
Immune Tolerance to Alleviate Early Pregnancy Failure. Clin. Transl Med. 11,
e540. doi:10.1002/ctm2.540

Taylor, P. C. (2015). “Tumor Necrosis Factor-Blocking Therapies,” in
Rheumatology. Editors M. C. Hochberg, A. J. Silman, J. S. Smolen,
M. E. Weinblatt, and M. H. Weisman. Sixth Edition (Philadelphia: Mosby),
492–510. doi:10.1016/b978-0-323-09138-1.00063-2

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org January 2022 | Volume 9 | Article 81141715

Murray et al. T Cell Pathways to Prevent Preeclampsia

https://doi.org/10.1016/j.ajog.2014.01.010
https://doi.org/10.1016/j.ajog.2014.01.010
https://doi.org/10.1177/1933719115592707
https://doi.org/10.1016/j.ajog.2007.11.058
https://doi.org/10.1080/1744666x.2017.1295850
https://doi.org/10.1038/aps.2017.140
https://doi.org/10.1161/HYPERTENSIONAHA.119.14056
https://doi.org/10.1161/HYPERTENSIONAHA.119.14056
https://doi.org/10.1159/000354200
https://doi.org/10.1159/000354200
https://doi.org/10.1167/tvst.1.2.6
https://doi.org/10.1016/j.bpobgyn.2019.06.005
https://doi.org/10.1182/blood-2008-12-194258
https://doi.org/10.1136/heartjnl-2011-300949
https://doi.org/10.1016/0143-4004(91)90339-h
https://doi.org/10.1016/s0002-9378(99)70239-5
https://doi.org/10.1111/j.1600-0897.2010.00831.x
https://doi.org/10.1016/j.preghy.2013.04.003
https://doi.org/10.1016/j.preghy.2013.04.003
https://doi.org/10.1126/science.1111726
https://doi.org/10.1038/s41586-019-1843-6
https://doi.org/10.1056/nejmoa1707914
https://doi.org/10.1056/nejmoa1707914
https://doi.org/10.1016/j.ajog.2017.11.561
https://doi.org/10.1016/j.ajog.2016.09.076
https://doi.org/10.3389/fimmu.2019.00478
https://doi.org/10.3389/fimmu.2019.00478
https://doi.org/10.1161/CIR.0b013e3182009701
https://doi.org/10.1161/CIR.0b013e3182009701
https://doi.org/10.1177/1933719116648218
https://doi.org/10.1177/1933719116648218
https://doi.org/10.1177/1933719113492207
https://doi.org/10.1177/1933719113492207
https://doi.org/10.1093/aje/kwg101
https://doi.org/10.1093/aje/kwg101
https://doi.org/10.1016/j.jri.2007.08.002
https://doi.org/10.1358/dnp.2009.22.9.1437961
https://doi.org/10.2174/138161212799504803
https://doi.org/10.1016/j.jri.2007.03.009
https://doi.org/10.1016/s1472-6483(10)60659-1
https://doi.org/10.1111/j.1365-2249.2007.03397.x
https://doi.org/10.1042/cs20171059
https://doi.org/10.3389/fimmu.2020.01027
https://doi.org/10.1161/HYPERTENSIONAHA.116.07933
https://doi.org/10.1161/HYPERTENSIONAHA.116.07933
https://doi.org/10.1016/j.jri.2019.07.004
https://doi.org/10.1002/eji.201343967
https://doi.org/10.1016/j.lfs.2014.01.084
https://doi.org/10.1002/ctm2.540
https://doi.org/10.1016/b978-0-323-09138-1.00063-2
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


Tousoulis, D., Oikonomou, E., Economou, E. K., Crea, F., and Kaski, J. C. (2016).
Inflammatory Cytokines in Atherosclerosis: Current Therapeutic Approaches.
Eur. Heart J. 37, 1723–1732. doi:10.1093/eurheartj/ehv759

Travis, O. K., White, D., Baik, C., Giachelli, C., Thompson, W., Stubbs, C.,
et al. (2020). Interleukin-17 Signaling Mediates Cytolytic Natural Killer
Cell Activation in Response to Placental Ischemia. Am. J. Physiology-
Regulatory, Integr. Comp. Physiol. 318, R1036–r1046. doi:10.1152/
ajpregu.00285.2019

Trivedi, P. J., and Adams, D. H. (2018). Chemokines and Chemokine Receptors as
Therapeutic Targets in Inflammatory Bowel Disease; Pitfalls and Promise.
J. Crohn’s Colitis 12, S641–S652. doi:10.1093/ecco-jcc/jjx145

Trowsdale, J., and Betz, A. G. (2006). Mother’s Little Helpers: Mechanisms of
Maternal-Fetal Tolerance. Nat. Immunol. 7, 241–246. doi:10.1038/ni1317

Uzieliene, I., Kalvaityte, U., Bernotiene, E., and Mobasheri, A. (2021). Non-viral
Gene Therapy for Osteoarthritis. Front. Bioeng. Biotechnol. 8, 618399.
doi:10.3389/fbioe.2020.618399

van de Ree, M. A., Huisman, M. V., Princen, H. M. G., Meinders, A. E., and Kluft,
C. (2003). Strong Decrease of High Sensitivity C-Reactive Protein with High-
Dose Atorvastatin in Patients with Type 2 Diabetes Mellitus. Atherosclerosis
166, 129–135. doi:10.1016/s0021-9150(02)00316-7

Vijayan, V., Mueller, S., Baumgart-Vogt, E., and Immenschuh, S. (2010). Heme
Oxygenase-1 as a Therapeutic Target in Inflammatory Disorders of the
Gastrointestinal Tract. Wjg 16, 3112–3119. doi:10.3748/wjg.v16.i25.3112

Wall, G. C., Heyneman, C., and Pfanner, T. P. (1999). Medical Options for Treating
Crohn’s Disease in Adults: Focus on Antitumor Necrosis Factor-α Chimeric
Monoclonal Antibody. Pharmacotherapy 19, 1138–1152. doi:10.1592/
phco.19.15.1138.30574

Wallis, A. B., Saftlas, A. F., Hsia, J., and Atrash, H. K. (2008). Secular Trends in the
Rates of Preeclampsia, Eclampsia, and Gestational Hypertension, United States,
1987-2004. Am. J. Hypertens. 21, 521–526. doi:10.1038/ajh.2008.20

Weber-Schöndorfer, C. (2015). in Drugs during Pregnancy and Lactation. Editors
C. Schaefer, P. Peters, and R. K. Miller. Third Edition (San Diego: Academic
Press), 341–372.

Woidacki, K., Meyer, N., Schumacher, A., Goldschmidt, A., Maurer, M., and
Zenclussen, A. C. (2015). Transfer of Regulatory T Cells into Abortion-Prone
Mice Promotes the Expansion of Uterine Mast Cells and Normalizes Early
Pregnancy Angiogenesis. Sci. Rep. 5, 13938. doi:10.1038/srep13938

Xiao, Q., Li, X., Li, Y., Wu, Z., Xu, C., Chen, Z., et al. (2021). Biological Drug and
Drug Delivery-Mediated Immunotherapy. Acta Pharmaceutica Sinica. B 11,
941–960. doi:10.1016/j.apsb.2020.12.018

Youssef, S., Stüve, O., Patarroyo, J. C., Ruiz, P. J., Radosevich, J. L., Hur, E. M., et al.
(2002). The HMG-CoA Reductase Inhibitor, Atorvastatin, Promotes a Th2 Bias
and Reverses Paralysis in central Nervous System Autoimmune Disease.Nature
420, 78–84. doi:10.1038/nature01158

Yuan, J., Li, J., Huang, S.-Y., and Sun, X. (2015). Characterization of the Subsets of
Human NKT-like Cells and the Expression of Th1/Th2 Cytokines in Patients
with Unexplained Recurrent Spontaneous Abortion. J. Reprod. Immunol. 110,
81–88. doi:10.1016/j.jri.2015.05.001

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Murray, Gumusoglu, Santillan and Santillan. This is an open-
access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org January 2022 | Volume 9 | Article 81141716

Murray et al. T Cell Pathways to Prevent Preeclampsia

https://doi.org/10.1093/eurheartj/ehv759
https://doi.org/10.1152/ajpregu.00285.2019
https://doi.org/10.1152/ajpregu.00285.2019
https://doi.org/10.1093/ecco-jcc/jjx145
https://doi.org/10.1038/ni1317
https://doi.org/10.3389/fbioe.2020.618399
https://doi.org/10.1016/s0021-9150(02)00316-7
https://doi.org/10.3748/wjg.v16.i25.3112
https://doi.org/10.1592/phco.19.15.1138.30574
https://doi.org/10.1592/phco.19.15.1138.30574
https://doi.org/10.1038/ajh.2008.20
https://doi.org/10.1038/srep13938
https://doi.org/10.1016/j.apsb.2020.12.018
https://doi.org/10.1038/nature01158
https://doi.org/10.1016/j.jri.2015.05.001
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

	Manipulating CD4+ T Cell Pathways to Prevent Preeclampsia
	Introduction
	Preeclampsia Diagnosis and Management
	Preeclampsia Results in Serious Short- and Long-Term Health Complications
	Preeclampsia Pharmacotherapy
	CD4+ T cells in Pregnancy and Preeclampsia
	Two Stage Model of Preeclampsia
	Immunology of Preeclampsia
	CD4+ T cell pathways are therapeutic targets in multiple inflammatory diseases
	Neutralizing TNF-α

	TNF-α and Endothelin-1/Endothelin-1 receptor A
	CD28 Antibodies
	IL-10 Administration and Induction
	Transfer of Tregs to Promote Anti-inflammation
	Decreasing IL-6 Levels
	Blocking IL-17 and Decreasing Th17
	Pravastatin
	17-Hydroxyprogesterone Caproate
	Treg Cell Stimulation via NK Cells and DCs
	Discussion
	Author Contributions
	Funding
	References


