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ABSTR
P‘:eecgpsia, defined as new-onset hypertension accompanied by
proteinurmring at 20 weeks of gestation or later, is a leading cause of perinatal
morbidity, ortality worldwide. The pathophysiology of this major multi-systemic

d

syndrome includes defective deep placentation, oxidative stress, endothelial

dysfunction, presence of an anti-angiogenic state, and intra-vascular

M

inflam , armong others. In this review, we provide a comprehensive overview of

the cellular immune responses involved in the pathogenesis of preeclampsia.

B

Specifica summarize the role of innate and adaptive immune cells in the

O

maternal tion, reproductive tissues, and at the maternal-fetal interface of

I

women difected by this pregnancy complication. The major cellular components

involv athogenesis of preeclampsia are regulatory T cells, effector T cells,

1

natural killer célls, monocytes, macrophages, and neutrophils. We also summarize

U

the literature those immune cells that have been less characterized in this clinical

conditi h as yd T cells, invariant natural killer T cells, dendritic cells, mast cells,

I

and B cells. Moreover, we discuss in vivo studies utilizing a variety of animal models

of preeclampsia to further support the role of immune cells in this disease. Finally,
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we highlight the existing gaps in knowledge of the immunobiology of preeclampsia
that require further investigation. The goal of this review is to promote translational
resear(H to clinically relevant strategies that can improve adverse perinatal
outcomeﬂfrom the obstetrical syndrome of preeclampsia.
INTRODWCTION

Preecl sia is one of the most common pregnancy complications, occurring
in 3-5% Qegnancies [1-3], and is considered one of the “Great Obstetrical
Syndrom@s#[4485]. Preeclampsia is diagnosed as new-onset hypertension (=2140/90

mmHg) acco nied by proteinuria occurring at 20 weeks of gestation or later [6].

Preeclarr’En escalate to eclampsia, characterized by new-onset seizures [7, 8].

Yet, eveng mpsia does not occur, mothers with preeclampsia are at increased
risk of sm, 10], acute cardiovascular complications [11, 12], and hemolysis,
elevat j nzymes, and low platelet count (HELLP) syndrome [13], among
others. Pre psia can also directly affect the fetus by causing fetal distress, fetal

growth restriction, and even fetal death [14, 15]. Moreover, preeclampsia is
associate! with long-term adverse outcomes for the mother, such as increased risk

of cardio@r disease [16, 17], as well as for the offspring [18]. Therefore,
p

preeclam one of the primary causes of maternal and neonatal morbidity and

mortalj Idwide.

h

|

sia has been proposed to occur in two distinct stages [19-21]. The

Gl

first is represefited by poor placentation and defective remodeling of the spiral
arteries, r g in insufficient placental circulation [19-22]. The second stage

results

A

uch poor blood flow and is characterized by a placental stress
response [19-21]. This chain of events culminates in a systemic maternal response

that manifests as preeclampsia [19-21]. Thus, the pathophysiology of preeclampsia
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is largely driven by the placenta, as evidenced by the fact that delivery of the
placenta is the only effective treatment for this condition [2]. In addition, the systemic
effectsHampsia are thought to result from the release of mediators by the
placenta,acludes soluble factors [e.g. soluble FMS-like tyrosine kinase 1

N _ , .
(sFIt-1) sd endoglin] [23-25], trophoblast-derived extracellular vesicles and/or

micropaﬂﬁ& 27], and reactive oxygen species (ROS) [28]. Such mediators

exert spe mune functions, contributing to the maternal systemic inflammatory

state as ted with preeclampsia [29, 30]. Indeed, a large body of research has

S

demonstrate at preeclampsia is characterized by quantitative and qualitative

U

modificatiq both systemic and local immune cell responses. Therefore,

[

understa e complex cellular immune changes and interactions underlying the

pathophySi of preeclampsia may foster research focused on the development

d

of im eutic strategies to tackle this syndrome.

In thi view, we provide a comprehensive overview of the cellular
immunology of preeclampsia, given the large body of evidence implicating immune
cells in t athogenesis of this great obstetrical syndrome. Herein, we summarize

prior reinnnate and adaptive immune cells in the circulation, reproductive
a

tissues, t the maternal-fetal interface of women with preeclampsia. The

h

maternal | interface includes multiple anatomically-distinct sites of immunological

interac en the mother and fetus: the decidua basalis, where maternal cells

[

interact with the fetal extravillous cytotrophoblast; the intervillous space, where

Gl

circulating nal immune cells are in contact with the fetal syncytiotrophoblast;

and the e between the decidua parietalis and amniochorion [31, 32]. We have

A

focused our attention on the immune cell subsets that are thought to be most

involved in the pathogenesis of preeclampsia such as regulatory T cells, effector T

This article is protected by copyright. All rights reserved.
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cells, and natural killer (NK) cells; yet, we also summarize literature on those subsets

that have been less characterized in this clinical condition (Figure 1). Such research

includth studies demonstrating the putative functional contributions of
different &II subsets to the pathogenesis of preeclampsia as well as their
. I I : . .

interactiogs with other physiological processes. Moreover, we lay out an overview of
in vivo studiesgutilizing a variety of animal models of preeclampsia to offer further
mechanis dence of immune cellular involvement in this pregnancy complication.
Through W/iew, we provide insight into the immune cellular mechanisms of
preeclamjpsm d potentially highlight gaps in knowledge that can drive future

research.

THE Rom\DAPTIVE IMMUNE CELL SUBSETS IN PREECLAMPSIA

Regul lis

R

D

T cells or 'Tregs’ are specialized CD4+ T cells with
immunosuppressive activity that are best characterized by their expression of the
forkheadvinged-helix transcription factor 3 (Foxp3), which is essential for their

developn@d function [33, 34]. Under physiological conditions, Tregs carry out

important lons as part of the mechanisms of peripheral tolerance through the
suppr f aberrant T-cell activation [35, 36]. During pregnancy, unique and

specifi

th

interactions take place between the mother and the semi-allogeneic

fetus, a concept that is referred to as “maternal-fetal tolerance” [37-39]. At the

U

molecular | maternal-fetal tolerance arises from maternal immune recognition of

fetal an which activates a series of immunological mechanisms to regulate

A

subsequent maternal antigen-specific responses. Tregs are a central component of

such mechanisms of maternal-fetal tolerance [40-47], not only throughout pregnancy

This article is protected by copyright. All rights reserved.
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but also as part of successful implantation [45, 48, 49] and even prior to fertilization
[50, 51].

Ov current literature suggests that preeclampsia occurs in the context of
a system&al reduction in Treg numbers and/or proportions. Several studies
have c:)r@y demonstrated a reduced presence of Tregs in the placental bed
[52] and deci [53, 54] of women with preeclampsia, although one report did not
observe Ureduction [55]. In addition to cellular measurements, tissue-based
gene ex;w analyses have also demonstrated a downregulation of Treg-related
transcript@tors such as FOXP3 and GATA3 in the decidua or placenta of
women wi eclampsia compared to those with normotensive term pregnancies
[56-58]. ﬁreeolampsia seems to be characterized by an overall reduction of
Tregs in @dua and placenta, and such deficiency is mirrored by a concomitant
increasg,i tor T cells [53, 58], particularly T helper (Th)17 cells [54], as well as

the upregul of Th1-associated molecules such as TBET [56, 58]. Notably, early-

onset preeclampsia (preeclampsia diagnosed at <34 weeks of gestation) seems to
be charaSerized by a more severe decrease in the proportion of decidual Tregs
compare te-onset preeclampsia [53], suggesting differences between the
pathophygof these two disease subsets.

ﬁotential explanations for the local reduction of Tregs in women with
preeclwve been proposed. First, there may be reduced differentiation of
decidual Edue to defective signaling and/or antigen presentation by local
antigen pre g cells (APCs) [59]. This concept is supported by the demonstration
that pﬁl;Cs from women with preeclampsia exhibit greater capacity for
promoting Th1/Th17-like T-cell responses in vitro compared to those from healthy

pregnant women [60], and that altered circulating DCs were associated with

This article is protected by copyright. All rights reserved.
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decreased proportions of peripheral Tregs in women with preeclampsia [61] and with
elevated proportions of Th17 cells in women with early-onset preeclampsia [62].
Second, impaired formation of decidual lymphatic vessels described in
preeclam revent the migration of immune cells into this compartment [63].
N _ , , :
Indeed, decidual lymphatic vessel density was shown to correlate with decidual Treg
numberswus it is possible that in preeclampsia the routes by which circulating
Tregs ent decidua are impeded [63]. Lastly, recent investigation of the T-cell

receptor repertoires of Tregs in the decidua revealed that the fraction of

S

clonally-expanded Tregs was significantly decreased in women with preeclampsia

U

[64], poss indicating a larger issue of impaired mechanisms of maternal-fetal

N

toleranc

Cans t with the observed local deficiency of Tregs, decreased numbers of

dl

circulati [52, 61, 65-79] and CD8+CD25+Foxp3+ cells [80] have been
reported in en with preeclampsia, although several studies did not observe
differences [595, 81, 82], and such cells may also display lower suppressive capacity

[55, 66, SO, 73, 78]. The changes in circulating Tregs are reflected by elevated

proportianventional T cells, particularly Th17 cells [73, 75, 77, 79], as well as

by the red FOXP3 expression and IL-35 levels accompanied by elevated RORC

expressi nd |L-17A levels in women with preeclampsia [83]. In particular, women

1

L

with e preeclampsia show increased disparity between CD4+ T cells

expressing RORC and those expressing FOXP3 compared to those with late-onset

Gl

disease or y pregnancies [84]. The enhanced Th17-like responses observed in

women

A

eeclampsia may not be solely driven by Th17 cells in all cases, but
could also involve type 3 innate lymphoid cells (ILC3s) that have similar cytokine

profiles and functions [85]. Regardless of origin, the administration of soluble IL-17

This article is protected by copyright. All rights reserved.
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receptor C (IL-17RC) in a rat reduced uteroplacental perfusion (RUPP) model of

preeclampsia was shown to at least partially mitigate the effects of an aberrant Th17

responsel Thus, the combination of reduced Tregs and inefficient suppression
may res stemic environment that encourages aberrant Th17-dominant
. H I . :
mfIammagn in women with preeclampsia.

Ongquestion that arises from the study of Tregs concerns the contributions of
thymic/na regs and peripheral/induced Tregs to pregnancy success, a topic
that was ently reviewed [87]. Deficiency of conserved noncoding sequence 1

(CNS1), ﬂ3 element with a prominent role in peripheral Treg generation,

increased ne cell infiltration of the placenta and caused fetal loss [46],
suggesti portant role for peripheral Tregs in pregnancy maintenance. More
recent stgdi ve indicated that the generation of thymic Tregs continues during
pregn 89], although this concept is still controversial [90]. Notably, in
women wit eclampsia, the proportions of circulating recent thymic immigrant

(RTE) and mature naive Tregs were decreased while that of memory Tregs was
elevated §suggesting that the differentiation process of circulating Tregs may be
impaired Q]. Further supporting these observations, the proportions of CD25"
Tregs wer: reased in women with preeclampsia while Foxp3hi Tregs decreased,
and it w ested that the Foxp3"™ subset represents natural or thymic Tregs
wherew)%hi subset may be induced from peripheral naive T cells [66].
Moreover,E‘uer report showed that the proportions of naive Tregs were
decreased those of CD45RA-HLA-DR" and CD45RA-HLA-DR® Tregs
increase<:clampsia [70], providing evidence that naive Tregs may undergo an
accelerated maturation or differentiation towards a highly suppressive phenotype

[92, 93] in women with this condition. Finally, reports have indicated a general

This article is protected by copyright. All rights reserved.
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reduction of Tregs [72] or the loss of specific subsets [94] in women with
preeclampsia. Taken together, these studies point to the altered differentiation of

circulating ﬁs as a hallmark of the pathophysiology of preeclampsia. This concept

has be tly strengthened by high-dimensional longitudinal studies
mvestlga!g the dynamics of peripheral Tregs in women with preeclampsia [95].
Notably, wres corresponding to Tregs and effector T cells stood out as being
differentia odulated in women with preeclampsia [95]. Specifically, STATS
signalingW1 cells was consistently decreased in women who ultimately
developed pregclampsia [95], which is notable since the IL-2/STATS pathway has
been im:&in T helper [96] and Treg [97] differentiation, and may also inhibit

Th17 di jation [98]. In addition, p38 signaling (required for the suppressive

function [99]) was increased in Tregs from women with normal pregnancies,

but n with preeclampsia [95]. These observations provide a more

translation spective on Treg dysfunction and Treg/Th17 imbalance in women
with preeclampsia, and demonstrate potential for the use of specific signatures in the
maternal€irculation to evaluate preeclampsia.

TPQne checkpoint PD-1/PD-L1 pathway has also been implicated in the

aberrant responses observed in women with preeclampsia [54]. Peripheral

Tregs fr women with preeclampsia demonstrated higher expression of PD-1

th

togeth duced expression on Th17 cells compared to those from normal

pregnancies [54]. In vitro experiments revealed that inhibition of the PD-1/PD-L1

e

pathway ted the expression of RORC and IL17A by Tregs, and

n with PD-L1 Fc skewed naive CD4+ T-cell differentiation towards a

A

supplem
Treg phenotype [54]. Similar findings were obtained using a rat model of L-N®-

Nitroarginine methyl ester (L-NAME)-induced preeclampsia, in which the

This article is protected by copyright. All rights reserved.
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administration of PD-L1-Fc restored the imbalanced Treg/Th17 ratio and, more
importantly, improved fetal outcomes [75]. Thus, dysfunctional or inhibited PD-1/PD-
L1 pathw. ignaling may contribute to the Treg/Th17 imbalance observed in
women dlampsia. In addition to the PD-1/PD-L1 pathway, the altered
N _ _ .
expressus of apoptotic molecules may predispose Tregs to premature deletion,
thereby cwing in part to their diminished numbers in women with preeclampsia
[71]. The ortion of Tregs expressing the anti-apoptotic molecule Bcl-2 was

greatly r ediin women with preeclampsia compared to normal pregnancies, while

S

the intensity Of§pro-apoptotic Bax expression was highly increased on those Tregs

U

displayin i olecule [71]. These findings suggest that Tregs may be more

L

suscepti

with the m numbers of Tregs found in this clinical condition.

vivo studies have explored methods of boosting maternal Treg

optotic cell death in the context of preeclampsia, which is in tandem

/or function as part of ongoing efforts to find safe and effective

treatments for preeclampsia [100, 101]. Treatment with an anti-CD28 “superagonist”
has beer!ested in rats using both angiotensin-renin and RUPP models [100, 101]. In
the form CD28 treatment resulted in an expansion of Tregs in the placenta,
spleen, a@phery of affected rats and improved fetal outcomes [100], whereas in
the latter |, increased proportions of circulating Tregs were observed together
with elw/stemic concentrations of IL-10 and transforming growth factor 3
(TGFB) w@ignificantly improving neonatal weight [101]. Using the same RUPP
rat model, fusion of IL-10 [102] or the adoptive transfer Tregs derived from
healthy nt rats [103] both improved maternal symptoms; yet, no benefits to

impaired fetal growth were observed. Thus, while treatments that directly promote

Treg expansion or function may have short-term benefits for women with

This article is protected by copyright. All rights reserved.
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preeclampsia, additional investigation to determine potential fetal/neonatal benefits is

required.
Ta gether, the evidence presented above demonstrates that a deficiency
or imbal gs may contribute to the pathophysiology of preeclampsia. Tregs

N
have bei typically considered as most important in early pregnancy; indeed, the

depletionﬂgs in early pregnancy causes preeclampsia and fetal loss. Yet, the
studies s ized herein indicate that the adverse effects of impaired or defective

Tregs ca tected throughout pregnancy. In line with this concept, we recently

O

demonstrated tQat the loss of Tregs in late gestation causes preterm birth together

U

with feta restriction and bradycardia without altering umbilical or uterine

1

arterial b [104]. Moreover, the loss of Tregs causes dysregulation of multiple

cellular MVelopmental processes in the placenta [104], providing further

evide egs play an important role in fetal development in late pregnancy.

Yet, wheth gs represent a viable target for treatment in the second or third

trimester, after the diagnosis of preeclampsia, remains unclear. It is likely that such a
treatmenfimay be most effective earlier in gestation; yet, given the demonstrated

importanQregs for continued fetal growth, targeting Tregs in late pregnancy

may also ide some benefits. Regardless, further research is required to

determingh;;her therapies to boost Tregs or enhance their functions could be

aidrwe
-

Effector T

attain en with preeclampsia.

Preeclﬂpsia is characterized by a systemic and local imbalance between
Tregs and effector T cells, resulting in a pro-inflammatory state that favors Th1/Th17

cell activity. Yet, the details of how effector T cells are dysregulated are less clear.

This article is protected by copyright. All rights reserved.
13



Here, we focus on reports of the general CD4+ and CD8+ effector T-cell populations
in women with preeclampsia as well as changes in Th1/Th2 balance, given that
multiplﬁdies described above simultaneously reported on Th17 responses.

Sta indicated that the systemic effector T-cell pool is enhanced in
women- vEpreeclampsia, either in terms of increased numbers/proportions or a
higher degreengf activation [105-109]. The proportions of circulating CD4+ T-cells
were inc:g in women with preeclampsia compared to those with healthy
pregnan%], which is consistent with the observation that the proportion of Th1
cells (and subSgquently the Th1/Th2 ratio) is also higher in this disease [106]. This
increase i + T cells may be driven by the expansion of memory T cells, as the
proportioﬁs

is subset was higher (and that of naive T cells reduced) in women

with preecl ia compared to normal pregnant women [107]. Besides CD4+ T

d

cells, ve also indicated dysregulation of CD8+ T cells in women with

preeclampsij mpared to normal pregnancies [108]. Moreover, CD8+ T cells

M

demonstrated enhanced cytotoxic activity in women with preeclampsia compared to

those fr non-preeclamptic women [109], potentially due to the loss of Treg-

1

mediated ession (as described above). Consistent with such enhanced

O

cytotoxic y, the fraction of circulating microparticles derived from cytotoxic T

cells w. nificantly increased in women with preeclampsia compared to non-

1

[

pregna s [110].

Gl

TogetheM with the reported increases in peripheral T-cell populations and

cytotoxic f n, lymphocytes from women with preeclampsia were shown to

A

display intracellular free Ca?* [111], and CD3+ T cells showed greater
expression of pyruvate kinase [112], suggesting enhanced activation of circulating T

cells. The expression of the Th1- or Th17-associated transcription factors Thet and

This article is protected by copyright. All rights reserved.
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RORyt was increased in peripheral blood mononuclear cells (PBMCs) from
preeclamptic women compared to those from normotensive pregnancies [113], and
the in#)ckdown of these factors caused a shift towards greater Foxp3
expressiaurther supporting a preeclampsia-associated imbalance in the
differeﬁti@ effector and regulatory T cells. Accordingly, phenotypic changes in
effector Tggellsgfrom women with preeclampsia included the increased expression of
activationgated markers such as HLA-DR on both CD4+ and CD8+ T-cell
subsets MS] together with greater in vitro secretion of relevant cytokines such
as IL-2, tumor Recrosis factor alpha (TNF), and IFNy [115]. Interestingly, the surface
expressiﬁ:ML by peripheral CD4+ T cells and serum concentrations of

soluble ere both elevated in women with preeclampsia [116], potentially

promotinmwe cell activation and increasing antigen-presenting cell activity, and

the a jon of anti-CD40L antibody alleviated maternal preeclampsia

symptoms i at model of adoptive transfer of CD4+ T cells [117]. Together with
human data, these in vivo studies provide further evidence that peripheral T cells
may parti€ipate in the pathophysiology of preeclampsia; indeed, the adoptive transfer

of Th1—dr©ated splenocytes into pregnant mice has been used as an in vivo

model of syndrome due to the resulting preeclamptic features (e.g. elevated

blood ﬁand proteinuria) [118]. This model has since been replicated, as

Iymphwvated via culture with anti-CD3 antibody and IL-2/IL-12 were shown

to induce hypeiansive symptoms in mice [119], and both IL-12-stimulated and IL-4-
stimulated nocytes were shown to cause fetal resorption and
hyperte oteinuria in mice [120]. These findings further indicate that skewed

differentiation of peripheral T-cells towards pro-inflammatory subsets takes place in

This article is protected by copyright. All rights reserved.
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women with preeclampsia, and that the aberrant activation of these cells can
contribute to the disease pathophysiology.

Al the majority of investigations have pointed to increased T-cell
activity i with preeclampsia, several reports have indicated the opposite

H oo _ _
phenomion. An early study indicated low peripheral T cell/B cell counts in women
with premia together with reduced in vitro T-cell responses to stimulation
compare

rmal pregnancies [121], and lymphocytic cytotoxic activity was also

shown to redse in preeclamptic women [122]. More recently, it was reported that,

S

while tota and CD8+ T-cell proportions did not differ between normal and

U

preeclam gnancies, proportions of CD4+ memory, CD4+ effector memory

1

(EM), an central memory (CM) subsets were all decreased in women with

preeclarrmmpared to those with healthy pregnancies [123]. Such reports of

decre populations may reflect a diminished presence of specific subsets,

rather than eral reduction. Indeed, the proportion of peripheral CD4+HLA-G+ T
cells was specifically decreased in pregnancies complicated by preeclampsia [124],
as were@the maternal plasma concentrations of soluble HLA-G [125]. This
observati otable since HLA-G, which is primarily expressed by fetal tissues
[126] anthes immune tolerance [127, 128], can also be expressed by a subset
of imm ressive T cells [129, 130]. Thus, in the context of preeclampsia a
reductwcific subsets of peripheral T cells may occur that is distinct from the
enhancedpEwce of inflammatory T cells reported by other studies.

It s be pointed out that several studies have not reported significant
alterat@culating T-cell proportions, phenotype, or function in women with
preeclampsia [131-133]. These studies highlight the fact that, unlike Tregs, changes

in the composition, proportion, or activity of peripheral T cells may not be a

This article is protected by copyright. All rights reserved.
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ubiquitous phenomenon in women with preeclampsia, nor may the degree of such

changes be consistent among patients. Similarly, a lack of detectable differences in

ity

the expreiﬂ of lymphocyte markers between normal and preeclamptic pregnant

rats [134 due to the specific markers investigated, or potentially the model

utilized [Isopolysaccharlde (LPS) infusion]. Thus, homogenization of patient groups

or animuels, including in-depth characterization and categorization of
n

patient/a arameters, is essential for the determination of the specific immune
changes lace in preeclampsia.

Investigations of effector T cells in the decidua and placenta largely provided

inconsiste Its, likely due to variation in patient groups, experimental methods,
and the ilie phenotypes or functions investigated. Flow cytometric [135] and
immuno?-mmical [136] studies of the decidual tissues demonstrated reduced
proporti T cells in women with preeclampsia compared to those who
underwent rm birth or delivery at term, respectively. However, a later

immunohistochemistry study showed increased infiltration of CD8+ T cells in
decidual @ssues from preeclamptic women compared to those without this disease
[137]. Si the proportion of CD8+CD28+ T cells was elevated in the decidual
tissues fmeclamptic women, despite an observed overall reduction in total T
cell pr ions [138]. Yet, another study reported increased numbers of both CD8+

T cells

th

T cells in placental bed biopsies from women with preeclampsia

compared to tllose with normotensive term pregnancies [139], and the volume

Gl

fraction of T cells was increased in placentas from pregnancies complicated

by pree ja or fetal growth restriction [140]. Similar to changes observed in the

A

periphery, preeclampsia-specific alterations in local effector T cells may be driven by

individual subsets: flow cytometry studies of early-onset and late-onset preeclampsia

This article is protected by copyright. All rights reserved.
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showed a reduction in the proportions of CD4+ CM T cells and CD8+CD45R0O+ T

cells in both study groups, but increased proportions of activated CD4+ and CD8+

memory C in women with early-onset preeclampsia compared to those with
normal anancies [141]. Thus, not only do preeclampsia-associated
alterationg in the local T-cell repertoire seem to be based on individual subsets, but it

seems t ly-onset preeclampsia is characterized by more significant (and
I

potential severe) immunological changes.

Twased presence of effector T cells in the decidua of women with
preeclampsia y also occur as a secondary response to other local events. A
subset oﬂlly-expanded CD8+ EM T cells expressing reduced PD-1 was

demonstr be present in the decidual tissues of women with preeclampsia

comparemcse from women with healthy term pregnancies [142], which is

previous report demonstrating that fetal antigen-specific CD8+ T

cells persis ughout multiple pregnancies and typically display an exhausted-like
PD-1+ phenotype [143]. Thus, in some cases of preeclampsia the local expansion of
effector Tcells may occur as a result of impaired suppressive activity. Alternatively,
the devem of placental histological lesions such as acute atherosis, which is
associate preeclampsia, may also promote T-cell infiltration. Indeed, increased
numbeﬁch cells were observed in the decidual tissues of women with
preeclwd acute atherosis compared to those from preeclamptic women
without t@n [144], highlighting the importance of considering confounding
variables s s placental lesions when evaluating the immune changes that take
place in with preeclampsia.

Collectively, the above reports indicate that T-cell activation in both the

maternal circulation and in the decidua or placenta is a characteristic of
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preeclampsia, likely driven by the prevalence of systemic inflammation together with
the decreased presence and function of Tregs and immunosuppressive HLA-G+ T
cells (Figui:. Importantly, women with early-onset preeclampsia seem to present
more se responses, and the presence of associated conditions such as
H . N
acute atperosis may also exacerbate T cell-driven pathology. Such variability
highlightstplex and heterogeneous nature of the immunological responses
that occ preeclampsia, which should be taken into consideration when

evaluatin s disease and potential treatments.

Us

Gamma 0) T cells

A roportion of the T-cell population [145] is composed of T cells that

express omposed of a y-chain and &-chain rather than the conventional a/f3

af

TCRs most T cells [146-148]. The investigation of such yd T cells in the

context of ampsia has been limited, but deserves discussion. One study found

W

that the proportions of circulating Vy9Vd2+ yd T cells, which form the majority of yd T
cells in hamans [149], did not differ between women with preeclampsia and those

with nor nancies [150]. However, such cells showed increased production of

OF

perforin a y in women with preeclampsia, suggesting polarization towards a

pro-infl ry state, and were less susceptible to apoptosis compared to those

1

1

from h normal pregnancies [150]. In contrast, the expression of the yd

H

TCR was incredsed in the placentas of women with preeclampsia compared to those
from non- mptic women, and in vivo studies using Toll-like receptor 3 (TLR3)

or TLR

A

tion-induced mouse models of preeclampsia suggested that splenic
yo T cells are enriched in this clinical condition [151]. The involvement of yd& T cells in

preeclampsia was further supported by the in vivo deletion of such cells, which
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reduced the maternal symptoms resulting from TLR activation [151]. Interestingly, a

longitudinal systems biology approach demonstrated that p38 signaling decreased in

yo T cellsﬁ the first to second trimester in women who eventually developed

preecla i however, mechanistic investigations are required to further
 — e

establishghe relevance of this finding.

Tmether, the above studies provide a preview of yd T-cell responses in

women eeclampsia, suggesting that this minor yet unique T-cell subset

undergo d activation and signaling in the context of this pregnancy disease.

S

Future studiesgay provide further insights into the relative contribution of these cells

U

to local an mic inflammation in women with preeclampsia.

B cells

all

articularly B1 cells, are considered capable of participating in
autoimmun ase through the production of autoantibodies [152]; thus, given the
relevance of autoantibody production in the pathophysiology of preeclampsia [153],
multiple studies have investigated B cells in the context of this obstetrical syndrome.
One of t iest of these studies found that the total proportions of peripheral B
cells did differ between women with preeclampsia and those with healthy
pregnﬁﬂ. However, the authors surmised that, if immunological changes
occurr#eclampsia, such changes were likely subtler than the parameters
determinedEhe current study. Accordingly, later immunophenotyping studies
showed th proportions of peripheral memory B cells and plasma cell precursors
were tﬁated in women with preeclampsia compared to healthy pregnant
women [155]. In vifro mitogenic stimulation assays also demonstrated that the

proportions of generated plasma cells and the numbers of Ig-producing cells were
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greater in samples from such preeclamptic women [155]. Subsequently, the
frequencies of peripheral B1a cells [156] as well as memory B cells and non-class-
switched ory B cells [157] were also shown to increase in women with
preeclam&pared to those with normal pregnancies, and the general
prollferatf capacity of the latter cells was enhanced by in vitro LPS stimulation

[157]. Tueclampsia is associated with enhanced circulating B cells with

potentiall er capacity for antibody production.

A k characteristic of preeclampsia is the production of agonistic

S

autoantibodies\directed against the angiotensin Il type 1 receptor [153]. The elevated

U

proportion ystemic B1a cells found in preeclamptic women were shown to

1

participatghi production of such autoantibodies [156]. Notably, B1a cells were

also fourmsively in placental samples from preeclamptic patients, but not in

mal pregnancies [156]. In addition to autoantibody production, such

B1a cells intrinsically dysfunctional in preeclampsia, as this B-cell subset in
an abortion-prone mouse model failed to inhibit Th17 cell differentiation and induced
Th1 poldtization [158]. Moreover, in normal pregnant mice the proportion of

peritonea@+ B1a cells was reduced compared to non-pregnant mice, but this

population maintained in the abortion-prone model [158]. The above studies

)

sugge cific B-cell subsets are expanded in women with preeclampsia and

{

can pri toantibodies, potentially including those against the angiotensin I

type 1 receptory thereby promoting hypertension and inflammation. Further in vivo

Gl

studies hav ngthened this concept by showing that treatment with the anti-CD20

antibo ab in a RUPP rat model reduced circulating angiotensin Il type 1

A

receptor autoantibodies, subsequently ameliorating some maternal symptoms

without improving fetal outcomes [159]. Consistently, other reports in animals
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confirmed that autoantibodies were produced by B cells as part of the hypertensive

disorders caused by an environmental pollutant, cadmium [160, 161]. However, not
all studies dnyestigating the contribution of B cells to preeclampsia have been
consiste&ipheral, splenic, and placental B1 and B2 cells were largely

N — . , . .
unalterec!m a RUPP rat model, and anti-CD20 B-cell depletion did not improve

{

maternalwms [162]. The above studies, together with other reports using

animal m of hypertensive disorders [163, 164], indicate that the depletion of B

cells ca rgve some maternal parameters but may not be sufficient to rescue

S

pregnancy outc@mes.

U

B cell-associated dysfunction may also have a genetic basis in some women

1

with pre ia, as the presence of a polymorphism in the Fc fragment of IgG

receptor VRIIB) was significantly associated with preeclampsia occurrence

d

[165]. ing is of particular interest, given that FcyRIIB is the only known

inhibitory F ptor; moreover, it is the only FcyR found on B cells in mice [166].

Wi

FcyRIIB has thus been considered as an “antibody checkpoint”, mirroring in some

ways the§functions of multiple immune checkpoint markers found on T cells [167].

[

Therefor plausible that the presence of polymorphisms that result in the

O

reduced o aired function of FcyRIIB may allow for uncontrolled B-cell responses

)

such g nhanced production of autoantibodies.

[

e studies demonstrate that B cells contribute to the pathophysiology

of preeclampsidithrough the production of autoantibodies that can further exacerbate

W

ongoing im responses. Thus, the systemic immune response that characterizes

preecla a multivariate condition involving the dysregulation of several distinct

1

immune pathways. This is further highlighted by the fact that the use of treatments

that target B cells was only partially successful in animal models. Therefore, future
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efforts to prevent or treat preeclampsia will likely need to consider each individual

immune pathway implicated in this clinical disease.

THE RO@ATE IMMUNE CELL SUBSETS IN PREECLAMPSIA

N
Natural Killer cells

Duging marly pregnancy, Natural Killer (NK) cells represent a large population
of Ieukou the decidual tissues [168] and perform a critical role in the

remodeli spiral arteries during this period [169-171]. Thus, it was presumed

o

that NK cells y be implicated in diseases related to poor placentation such as

U

preeclam owever, there is some controversy surrounding the importance of

[t

NK cells athogenesis of preeclampsia due to multiple studies that appear to

provide c®n g data. One factor that may contribute to such seeming discrepancy

a

could ce NK cells provide their most important contributions during early

pregnancy iencies in these cells leading to preeclampsia may not be reflected

A\

in the cell populations observed at delivery (when most studies of human

preeclam@sia are performed).

F

S udies have reported an increased NK cell numbers or frequencies in

0

the gesta and reproductive tissues in women with preeclampsia [172-174],

while report a diminished presence [175, 176] compared to normal

q

[

pregna ! erations in specific NK cell phenotypes may contribute to such

U

discrepancies; for example, the proportions of decidual CD56+NKp46+ cells were

increased | men with preeclampsia, but subsets identified using other NK cell

A

markers as NKp44, NKp30, NKp80, or NKG2D were not [173]. Differences
between the disease mechanisms of early-onset and late-onset preeclampsia could

also contribute to disparities between studies, given that the increase in both

This article is protected by copyright. All rights reserved.
23



decidual and peripheral NK cell proportions was more significant in women with
early-onset preeclampsia than in those with late-onset preeclampsia when compared

to term prﬁncies [174]. A potentially limiting factor when evaluating tissue-wide

immune tions may be the use of microscopy-based techniques, as both

_ NI , . ,
mmunofgtochemlstry [176] and immunofluorescence microscopy [175] of decidual
tissues regea lower numbers of NK cells in preeclamptic patients compared to
healthy pr: cies.

P lampsia is also accompanied by alterations in local NK cell function.

S

Decidual ells displayed a distinct gene expression profile compared to

v

peripheral ells, and it was found that a subset of these transcripts were

1

downreg in chorionic villi tissue from women who subsequently developed

preeclamps mpared to those with normotensive pregnancy [177]. Interestingly,

a

the pr j f decidual NK cells expressing IFNy, perforin, or granzyme B were
shown to b ated in early- and late-onset preeclampsia compared to those with
healthy term pregnancies, with early-onset having the greatest increase [174]. In
contrast, €pecific markers of decidual NK cell activation (IFNy, IL-8, and CD107a)

were sh e decreased in women with preeclampsia compared to those with

0

healthy ter egnancies [173]. Thus, the activation and functional status of local NK

1

cells in n with preeclampsia remains to be established. Nonetheless, it has

been S

L

that the reduced expression of Fas on decidual NK cells leads to

reduced NK cell apoptosis in women with preeclampsia [178], thereby prolonging

Gl

any potenti e of dysfunction.

NK cell responses during pregnancy may have a genetic basis in

A

some cases. Mothers with the KIR genotype KIR AA showed an increased

propensity to undergo pregnancy disorders such as preeclampsia when the fetus
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presented more group 2 HLA-C genes than the mother [179]. In contrast, the
presence of the telomeric (Tel-B) region in mothers with the KIR B haplotype was
associate ith a significant protective effect against pregnancy complications,
particulamaired with an HLA-C2 fetus [179]. Notably, the Tel-B region
include-s WSL which binds HLA-C2+ trophoblasts and is expressed by uterine
NK cells [#79yHowever, the complexity of the interactions between maternal KIRs
and fetau was heightened by observations showing the combination of
maternalwand fetal HLA-C2 to be a risk factor for acute atherosis in women
with preeclampgia [180]. A separate report showed that both uterine and peripheral
NK cells e ed KIR2DL1A and KIR2DL 1B, with a predominance of KIR2DL1A
variants ﬁsociated with enhanced NK cell function as well as an increased

risk for ppsia [181]. In line with these findings, the expression of the immune

tolera ting HLA-G [127, 128] and its receptors such as LILRB1 [182] was

decreased |j centas from women with preeclampsia [183]. A link between fetal
HLA genotype and maternal preeclampsia risk was further supported by the reported
associatiWeen a poly-T stretch within the downstream region of the HLA-
G*O1:01:Qllele and the occurrence of preeclampsia [184]. Based on these

observations; the determination of local NK cell status in early pregnancy (e.g. the

evaluat f maternal KIRs and paternal/fetal HLA genotype) could potentially have

3

[

predict or preeclampsia.

Ul

Human ahd animal studies have identified specific factors that may participate
in altered | functions in women with preeclampsia. Placental expression of the

adhesio

A

ule NECTIN4 was shown to be elevated in women with preeclampsia
compared to those with normotensive pregnancies, and the overexpression of this

molecule in a trophoblast cell line resulted in enhanced susceptibility to NK cell-
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mediated cytotoxicity [185]. In mice, uterine NK cells were shown to express

placental growth factor (PIGF), with immature NK cells having greatest expression

[186], anﬁ feletion of PIGF resulted in the altered composition of local NK cells

[186]. Gi GF has also been shown to promote apoptosis and exhaustion of
N _E— . :

effector !cells [187], altered levels of this factor may contribute to dysregulated T-

cell resp@in women with preeclampsia. Lastly, mice with homozygous or

heterozyg eficiency of heme oxygenase 1 (HMOX-1) had fewer uterine NK cells
and prestGR and gestational hypertension, which were ameliorated by the
application 0 bon monoxide (the primary metabolite of HMOX-1) [188].

Sev tudies have provided a mechanistic link between NK cells and
pathologiﬁnges during pregnancy by depleting NK cells using the anti-asialo
GM1 anm[189-191] in different models of preeclampsia. In a rat renin-
angiotensi el, deletion of NK cells resulted in the degeneration of vessels in the
mesometri gle (the distinct lymphoid aggregate formed between the uterus and
decidua In rodents and other species [192] that is comparable to the human
placentalfed) together with a reduced presence of trophoblasts in the vessel lumen
[193]. Th@lopathy resulting from NK cell depletion manifested as lower fetal
weight in al wild type rats and a reduced brain/liver weight ratio in preeclamptic
rats [1 wever, in a RUPP rat model, the depletion of NK cells improved the
mean Hessure of dams and fetal weight [194], and a similar study also
demonstratE\proved maternal parameters upon depletion of NK cells [195].
These rep ighlight key differences in the animal models utilized: in the renin-
angiottﬁdel, maternal hypertension, tissue damage, and fetal growth
impairment begin early in pregnancy [196-199], and NK cell depletion was performed

on 5 and 10 days post coitum (dpc) [193]. In the latter two studies, RUPP was
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surgically performed at 14 dpc with NK cell depletion being carried out over the

following days [194, 195]. Given that NK cells have been suggested to be more

involved |

ly-onset preeclampsia [174], it is likely that interference with NK cell
function i gnancy may have more severe outcomes than in a model of late-

n____
onset pregclampsia.

Ciw NK cells are also affected in women with preeclampsia, although
n d

the exte irection of such changes are still under debate. Specifically, the
cytotoxicw cells has been separately reported to increase [200-202], decrease

[203], or remam consistent [204] in women with preeclampsia compared to those

with healt nancies. Women who later developed preeclampsia had increased
numbers iigulating NK cells in the first trimester compared to women who had
uncomplimpregnancies [205], while another report found that elevated
proporti K cells were associated with postpartum preeclampsia, but not with
preeclampsij ring pregnancy [206]. Yet, it has also been shown that the

proportions ot specific NK cell subsets are increased in the third trimester in women
with pree!lampsia compared to normotensive pregnant women [207]. Thus, there
seems t(Qme overall consensus that peripheral NK cells are enhanced in
women w d or are at risk for preeclampsia. In line with this concept, several
studieMicated that the functionality of such cells is similarly enhanced. The
expresHNy by peripheral NK cells tended to increase in women with
preeclam@)& 209], as did the expression of NKG2A and NKG2C [210, 211],
compared se from women with healthy pregnancies. The ratio of “type 1” to
“type 2 s also increased in the circulation of women with preeclampsia [133],
whereas the proportions of such cells expressing protective factors such as vascular

endothelial growth factor (VEGF) [212] and galectin-1 [213] were significantly
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decreased. Mucin-16 (CA-125), a glycoprotein that can be expressed by decidual
cells [214, 215], was more frequently bound to circulating NK cells in women with

preeclamp:’ compared to those from term uncomplicated pregnancies [216].

Finally, t ular expression of multiple cytokines was enhanced in peripheral

N . .
NK cells SOm women with severe early-onset preeclampsia compared to those from

healthy wcies [211]. Together, these studies support a dysregulated and
I

potential ated status for peripheral NK cells in preeclamptic women.

Inww of potential treatments for preeclampsia, several studies

investiga@ beneficial effects of anti-inflammatory compounds have also

repoﬂedﬁns in local or systemic NK cell populations as secondary outcomes.

The ad on of the anti-inflammatory cytokine IL-4 in a RUPP rat model
reduced mnortions of total and cytolytic NK cells in the placenta [217], as did
treatm j ydroxyprogesterone caproate (17-OHPC) [218]. Targeting reactive
oxygen sp by treatment with the superoxide dismutase mimetic tempol also
lowered the proportions of circulating total and cytotoxic NK cells [219]. Thus, one of
the mecms by which anti-inflammatory treatments improved preeclampsia
symptoer through the modulation of NK cells.

Co ely, the studies described above provide evidence of two distinct but

conne henomena: first, dysfunctional local NK cell responses leading to poor

1

L

placen lor lack of spiral artery remodeling may lay the groundwork for the

eventual maniigstation of preeclampsia later in pregnancy. Poor spiral artery

G

remodelin ne may not lead to preeclampsia, and may require the

superim of other insults or mechanisms for disease escalation [220]. This

A

model is based on observations in Rag2”’y.” mice, in which the presence of

thickened spiral artery walls and reduced lumen diameter was associated with the
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loss of NK cells [221, 222] and did not lead to maternal hypertension [223]. Thus,
while NK cells are important for proper remodeling of the spiral arteries in early
pregnancy,disruption of this mechanism may not be the sole driver of preeclampsia.

Yet, hu ies demonstrated that a high uterine artery resistance index in the

u
first trimgster as determined by Doppler ultrasound was associated with reduced

proportions ofljlK cells expressing specific KIRs and LILRB1, suggesting altered NK

cell-troph interactions in such cases [224]. Second, the studies of NK cells

reviewed suggest that the immunological manifestations of preeclampsia

5G

include elevated proportions and activity of peripheral NK cells as part of the overall

U

inflammat file that characterizes this clinical condition. Therefore, changes in

I

local or ic NK cell populations observed after the diagnosis of preeclampsia

(in late pfeg @ y) are likely the result of upregulated inflammatory signaling, rather

d

than t nd should therefore be considered as distinct phenomena.

Invariant Natural Killer T cells

Natural Killer T (NKT) cells are a unique population of lymphocytes that
express ogether with NK cell markers [225]. Among this population, invariant
NKT (iNgs represent the largest and best studied subset [226]. Although

severa| ies_have proposed a role for iINKT cells in the pathophysiology of

{h

pregnd lications such as preterm birth [227-230], the contribution of these

cells to preeclainpsia is less well defined. The ratio of circulating type 1 to type 2

U

INKT cells hown to increase in women with preeclampsia compared to those

with a

A

regnancy, suggesting a balance shift towards a pro-inflammatory
phenotype [133]. Moreover, the expression of the early activation marker CD69 and

the effector molecules perforin and IFNy was also shown to be increased in
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circulating iINKT cells in women with preeclampsia compared to those with healthy
pregnancies [231], further indicating cell activation. The expression of CD95 was

reduced o:ch circulating iINKT cells [231], potentially indicating reduced rates of

iINKT-cell that could result in a more prolonged state of activation.
N . . .

Howeverg separate study found no differences in the counts, proportions, or CD69

expressiaQKT cells between women with preeclampsia and those with normal

pregnanci 2]. Based on these limited data, forming a firm conclusion as to the

participa\w\lKT cells in the pathophysiology of preeclampsia remains difficult. It

is possibEe iINKT-cell activity is altered (potentially enhanced) in preeclampsia

without fI&‘ns in the overall population; yet, additional studies are required to
establish gl cept.
Dendrijti

Dendgii®® cells (DCs) are professional antigen-presenting cells that play a

critical role In both central and peripheral tolerance [233] and thus represent a
central cgﬁonent of the innate immune system. A primary function of DCs during

pregnanq uptake and present the paternal/fetal antigen to Tregs in the
ry

seconda hoid tissues, promoting maternal tolerance of the fetus [234]. Thus,

multipl ies have proposed that alterations in the populations and functionality of

h

[

local a ing DCs may contribute to a breakdown of maternal-fetal tolerance,

Ui

thereby promotihg inflammation as part of the pathogenesis of preeclampsia. Indeed,

the proportj f plasmacytoid DCs (pDCs) were decreased [235, 236] and those of

A

myeloi DCs) were increased [236] in women with preeclampsia compared
to those with healthy pregnancies. As a result, the peripheral ratio of mDCs to pDCs

was also shown to be elevated [61, 235]. Consistent with reports of other immune
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cell subsets, early- and late-onset preeclampsia may each be associated with
different DC responses, as one study found that pDCs were reduced only in women
with early- t preeclampsia compared to those with normal pregnancies [62].
PaCs also exhibit a more activated phenotype in preeclampsia.
Higher-bEexpression of TLR3 and TLR4 was observed on mDCs, and increased
TLR9 ongpD@s, in women with preeclampsia compared to those from healthy
pregnancgs was accompanied by elevated basal expression of cytokines such
as IL-6, wd IFNa by mDCs as well as elevated IFNa and TNF by pDCs [237].
Such hig@l cytokine expression could indicate prior activation of circulating
DCs, parti since these cells isolated from women with preeclampsia showed
weaker rﬁs to in vitro stimulation with TLR ligands [237]. Notably, both mDCs
and po showed greater expression of the immune checkpoint molecule
CD20Qgi n with preeclampsia compared to those with normal pregnancies
[238], pote as a compensatory mechanism to restore immune regulation.
However, the same authors showed that the expression of another immune
checkpoifit marker, PD-L1, was decreased on both subsets [239]. Thus, the

expressi mune checkpoint markers by DCs seems to be dysregulated in a

O

specific m r in women with preeclampsia. Finally, one report demonstrated

upregul f CD80, CD86, and CD83 on peripheral DCs in women with

q

1

preecl mpared to those with uncomplicated pregnancies [60], indicating

greater potentidl for antigen presentation. This observation was supported by in vitro

H

evidence t GF, which is downregulated in women with preeclampsia, reduces

A

the expr: of CD80, CD86, and CD83 on DCs [236]. Therefore, these findings

indicate an activated and pro-inflammatory state for circulating DCs in women with
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preeclampsia, and suggest that reduced VEGF signaling may contribute to this
process.

Consistent with human studies, several investigations in animals have also
reported stemic DC populations using preeclampsia models. Pregnant
mice treagd with Poly:IC (a TLR3 ligand) develop hypertension [240], which is in line
with the imed placental expression of TLR3 in women with preeclampsia [241],
and thes e displayed higher numbers of splenic DCs and other systemic

immune that were largely abrogated by treatment with IL-4 and IL-10 [240].

S

In a model ofarginine vasopressin-induced preeclampsia, increased expression of

U

MHC-II, C nd CD86 was observed on splenic DCs together with reduced PD-

1

L1and P 2], which is similar to the findings reported in pregnant women [60].

Prge sia has also been associated with local changes in DC populations.

d

Place iopsies revealed increased numbers of CD209+ or CD83+ leukocytes
(termed im e DCs and activated DCs, respectively) in women with preeclampsia
compared to tissues from normal pregnancies [243]. In the decidua, tissue-specific

upregulation of the chemokines CCL2, CCL4, CCL7, and CCL20 was observed in

women Wi clampsia, providing a potential mechanism whereby immune cells,
including , may migrate to this compartment [243]. Indeed, in vitro studies of first
trimester idual cells suggested that the upregulation of CCL2 and CCLS5 is

particchtful in promoting the chemotaxis of DCs and macrophages [244].
Decidual@m women with preeclampsia also expressed high levels of GM-CSF
compared se from normal pregnancies, and stimulated first trimester decidual
cells re{GM—CSF that promoted the in vitro differentiation of peripheral
monocytes to dendritic cells and macrophages [245]. Moreover, in vivo experiments

revealed that the observed increase in decidual GM-CSF expression was
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accompanied by the infiltration of DCs and macrophages into this compartment
[245]. Dendritic cells may also respond to signals released by apoptotic extravillous

trophoblasﬁVTS), as immunohistochemistry analyses showed the co-localization

of these decidua/myometrium of women with [UGR [246]. The increased
number sf mature decidual DCs identified in women with preeclampsia was
attributedg to phosphorylated STAT3 and the DC-specific long noncoding RNA

Inc-DC 28 bHoth of which showed increased expression in the decidual tissue

[248]. In iQfl, in vitro studies suggested that Inc-DC signaling by mature decidual

S

DCs may pa ate in the regulation of trophoblast invasion [249].

U

The ination of a greater number of infiltrating DCs together with their

N

enhance ation and/or accelerated maturation may contribute to the

pathogeneés preeclampsia. Yet, how the dysregulated activity of DCs in women

d

with pg ia affects the processing and presentation of paternal/fetal antigens,

and the ext f the relationship between DCs and impaired Tregs in such women,

\

requires further research.

[

Neutrop

The ority of investigations into the role of neutrophils in preeclampsia have

h

focuse hese cells in the maternal circulation, given the systemic intravascular

inflam

1

ociated with this pregnancy complication [29, 30, 107, 250]. Early

reports noted efevated numbers of polymorphonuclear cells expressing complement

Gl

and immu ulins in the circulation of preeclamptic women compared to those

with no regnancies [251] as well as elevated plasma concentrations of

A

neutrophil elastase [252-255], suggesting neutrophil activation. Subsequently,

several other studies provided demonstrations of neutrophilia in women with
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preeclampsia [256, 257] and noted that the systemic numbers of other immune cell
subsets were not as drastically altered [257], given that the neutrophil to lymphocyte

ratio waslﬁ significantly increased [258]. Moreover, preeclampsia-associated

neutroph ikely further exacerbated by the reported impaired or delayed

N B . . . :
neutrophjy apoptosis occurring in such patients [259]. Elevated neutrophil
proportioumsion, and infiltration were reported in subcutaneous fat
microvess om women with preeclampsia compared to those from normal
pregnantw [260, 261], further indicating the systemic nature of preeclampsia-

associated new8irophilia. Moreover, correlations between increased isovolumetric

¢

venous pr and maternal plasma levels of neutrophil elastase, VCAM-1, and E-
selectin ﬁo demonstrated [255].

Perip | neutrophils are phenotypically altered in women with preeclampsia

a

as we 2-265], showing greater nuclear translocation of NF-kB [264, 266]
and increa xpression of surface markers such as CD11b [250, 263] together
with reduced expression of CD62L [250, 263-265] compared to those from normal
pregnanws indicating neutrophil activation. Circulating neutrophils were also
shown to@educed expression of TLR2 and TLR4 in women with preeclampsia
compared

ormal pregnant women [267]. However, a later study reported

increa RNA and surface protein expression of TLR2 and TLR4 in neutrophils

1

[

from w early onset preeclampsia and HELLP syndrome, whereas as those

U

from women with late onset preeclampsia were similar to controls [268]. Thus, it is

possible th two studies differed due to heterogeneous study populations as well

A

as disea rity.
Neutrophil functions are also altered in women with preeclampsia, likely

driven by the presence of circulating placenta-derived factors [269-271]. Indeed,
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conditioned media obtained from placental explants from women with preeclampsia
increased neutrophil-endothelial cell adhesion compared to that from healthy

placentas, ﬁ h seemed to be driven by the endothelial-derived platelet-activating

factor (P Circulating endothelial microparticles were linked to the greater

system-icLTsof dsDNA, myeloperoxidase, and histones (components of neutrophil
extracellular traps or NETs) found in women with preeclampsia [271]. Consistently, it
was reC;erted that the elevated levels of the proteases neutrophil elastase
and matwalloproteinase 1 (MMP-1) found in the plasma of women with
preeclampsia gan also contribute to enhanced neutrophil activation [272].

Superoj&uction by circulating neutrophils is also increased in women with

preecla mpared to those with healthy pregnancies [270, 273], and such a
phenomeno as reproduced in vitro by the co-culture of neutrophils and
syncytj st microparticles (STBM) isolated from preeclamptic women [270].
One repo d that superoxide-anion production by circulating granulocytes
typically decreases in normal pregnancy, but not preeclampsia, compared to the
non-preglant state, and may thus contribute to the subsequent systemic

inflamman/or endothelial damage [274]. Finally, neutrophil migration is

affected b excess levels of sFlt-1 in women with preeclampsia, since high
concer@f this molecule may prevent VEGF-mediated signaling in these cells
[275]. Wils themselves likely contribute to the systemic inflammatory
response@eclampsia in a positive feedback manner, as two studies have
indicated crease in neutrophil-derived microparticles in women with this

obstetriC rome [276, 277]. Importantly, the contribution of placenta-derived and

vascular circulating microparticles to the pathophysiology of preeclampsia is likely
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further exaggerated by the reduced phagocytic clearance of such microparticles by
circulating neutrophils [278, 279].

Theiove studies strongly suggest that the factors initiating systemic
neutroph s likely originate from the placenta. In line with this proposed

N , . , ,
model, a! ex vivo study reported that activated neutrophils are found in the uterine
vein, bthecubital placental vein, of women who underwent cesarean section
due to pr psia [280]. Moreover, the co-culture of neutrophils and endothelial

cells in tighed medium from the placentas of preeclamptic women resulted in

S

enhanced neutgophil-endothelial cell adhesion compared to conditioned media from

U

healthy pr. cies [281]. The stratification of preeclampsia cases into clusters

1

based o placental transcriptional signatures demonstrated an increased

presenc eutrophils in the placentas of women with “immunological”

d

(transcgeipti pigenetic signature corresponding to increased immune responses)
preeclampsij mpared to those from women with a milder form of preeclampsia
(characterized by a healthy placenta and term delivery) [282]. In addition, one study
demonstrated the formation of NETs in the placental intervillous space from women

with pre ia, and placenta-derived IL-8 and STBM caused NET formation in

0

vitro [28 us, while the consideration of local mechanisms occurring in

h

preeclam is_important, understanding the systemic immune responses driven by

[

placen factors or patient co-morbidities also warrants attention. Together,

the above repofifs demonstrate the enhanced activation of circulating neutrophils in

Gl

women Wwi eclampsia and emphasize the role of placenta-derived circulating

factors | tivation of such cells.

A

Mechanistic studies have explored whether neutrophils could be targeted to

treat preeclampsia. The depletion of neutrophils using an anti-polymorphonuclear
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leukocyte (anti-PMN) antibody in a RUPP rat model of preeclampsia lowered mean
arterial pressure in RUPP rats without having noticeable effects in sham rats;

however, ﬁmic C3a levels and RUPP-induced fetal loss were unmitigated [284].

This find sts that neutrophils are not the major cause of fetal damage

resulting grom preeclampsia, and may be primarily involved in propagating maternal

systemic ases
My derived suppressor cells (MDSCs) represent a heterogeneous

populatiwmmature neutrophils [granulocytic (g)-MDSCs] and monocytes

[monocytic MDSCs] that display immunosuppressive properties [285, 286].

Several:r'ﬁdies have implicated MDSCs in the maintenance of maternal-fetal

toleranc 89], and one report demonstrated a significant reduction of g-
MDSCs irculation of preeclamptic women compared to those with healthy
pregnangi ich was accompanied by a systemic decrease in arginase-1 (Arg1)
levels [290 s, the loss of g-MDSC-mediated immunomodulation may allow for

the further dysregulation of peripheral neutrophil responses in preeclampsia;
however,Mncept requires further investigation.

T e studies demonstrate the massive activation of neutrophils that
occurs amf the pathophysiology of preeclampsia and is likely exacerbated by

reduc impaired MDSC activity. Given their systemic dominance, neutrophils

1

{

may a rtant propagators of inflammation by rapidly responding to placenta-

derived factors Bresent in the circulation in women with this clinical condition.

U

Monoc

A

After neutrophils, monocytes are the most frequent circulating immune cells,

and thus likely participate in the vascular immune responses that are a hallmark of
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preeclampsia [250]. Indeed, the proportions of total CD14+ monocytes were elevated
in women with preeclampsia or post-partum preeclampsia compared to
normotensj ontrols [206]. Such an increase was likely driven by changes in the
composit&e monocyte population, as the proportions of non-classical
CD14'FCI@onocytes were elevated in women with preeclampsia [291], and the
proportions ofiis monocyte subset increased towards the end of pregnancy in a rat
ATP infuuodel of preeclampsia [292, 293]. In contrast, significantly higher
proportiowermediate (CD14"CD16™) monocytes were reported in women with
preeclampsia Without changes in the classical or non-classical subsets [292].
Therefore roportions of systemic monocytes seem to be enhanced in women
with preeﬁ

ja, although the specific affected subsets remain to be confirmed. As

an altem approach, the categorization of monocytes as M1-like

D163-) or M2-like (CD14+CD11c-CD163+) cells demonstrated that

a significa rease in the M1-like subset occurs in women with preeclampsia
compared to normal pregnancies, which is accompanied by reduced levels of M2-
like mon@cytes [294]. Such a bias towards M1-like responses is supported by the

decrease@ession of CD163 on peripheral monocytes from women with
p

preeclam 95]. Studies have also pointed out enhanced expression of TLR4 by

mono in women with preeclampsia [291, 296]; moreover, total monocytes from

1

1

preecl men demonstrated significantly increased cytokine secretion in

response to in Witro stimulation with TLR ligands [291, 296], further supporting the

Gl

pro-inflam phenotype of such cells. Thus, the immune response in women

A

with pre sia is characterized by alterations in the phenotypic composition of

circulating monocytes.
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Due to the importance of immune-endothelial interactions in the
pathophysiology of preeclampsia, studies have also examined the monocyte-specific

expressioiﬁotentially involved surface molecules. One report found no significant

differenc expression of integrins such as CD11a, CD11b, and CD11c
N , _ _

between gonocytes from women with preeclamptic or normal pregnancies; however,

in vitro trw of endothelial cells with serum from preeclamptic women increased

their expr of ICAM-1, an adhesion receptor that regulates the recruitment of

circulatianytes [297], suggesting that soluble factors in the maternal serum

rather than ocyte-endothelial cell interaction may drive endothelial activation

[298]. In ﬁt, other studies demonstrated increased CD11b expression [250,

299, 300 er with decreased expression of CD62L [250, 299] on monocytes
from worm\ preeclampsia. Interestingly, such a discrepancy may be explained
by the e expression of integrins CD11a, CD11c, and CD49d as well as the
complemen ted markers CD46 and CD59 on monocytes was significantly higher

in samples obtained from uterine veins compared to antecubital veins in women with
preeclam!sia [280]. Thus, monocytes migrating in close proximity to the placenta
may und@ater exposure to factors released by this organ that may contribute
to cellular ation.

ﬁbaseline levels of ROS production have also been observed in
monocwed from women with preeclampsia compared to those from healthy
pregnanc@), 299]. Pregnancy is characterized by a physiological elevation in
arginine u by peripheral leukocytes, mediated primarily through system y+
(encode e genes CAT1, CAT2, and CAT3) [301]. Notably, in peripheral
leukocytes from preeclamptic women, system y+-mediated arginine uptake was

significantly lower than in normal pregnancy despite increased transcription of CAT2,
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thus suggesting impairment of this pathway [301]. It was proposed that such arginine

deficiency would favor the production of harmful O,” and ONOO" radicals [301],

thereby Coﬁ' uting to systemic oxidative stress in women with preeclampsia. Yet,

this phe ould be partially remedied by the activation of compensatory
B ,

glutath|0|§ peroxidases (GPx), as elevated mRNA and protein levels of GPx-1 and

GPx-4 wmected in peripheral mononuclear cells from preeclamptic women

compare se from normotensive pregnancies [302].

A egcomponent of monocyte function is the production of cytokines.
Multiple studie§have shown that, in women with preeclampsia, monocyte cytokine
production_j avily skewed towards the release of pro-inflammatory mediators
such as ﬁ IL-12 [27, 296, 303, 304] as well as IL-8, IL-6, and IL-13 [305, 306],
typically manied by reduced IL-10 levels [296]. This general upregulation of
inflam ponses is likely driven by upstream signaling, which may include the
silencing or j ition of immunomodulatory factors such as a7 nicotinic acetylcholine

receptors (a/nAChR) that suppress pro-inflammatory cytokine pathways [307].
AccordinMnocytes isolated from women with preeclampsia displayed higher
expressi@lammasome-related molecules (e.g. NLRP3, NLRP1, and caspase-
1) and < together with reduced expression of the NF-kB-inhibitor IkBa
compar those from normotensive women [308]. /n vitro assays demonstrated
that mwarmins (i.e. endogenous molecules that initiate non-infectious or
sterile inf@on [309, 310]) such as monosodium urate [308], heat shock protein
70 [306], hyaluronan [306] can propagate pro-inflammatory monocyte
responsest eby implicating the inflammasome pathway in the pathophysiology of

preeclampsia, a topic that was recently reviewed [311]. It is tempting to suggest that

alarmins could be released from apoptotic trophoblasts or damaged endothelium in
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women with preeclampsia, leading to monocyte activation; yet, this concept requires
further investigation.
In "l of current knowledge of the pathogenesis of preeclampsia, the
relationsﬁeen monocytes and other involved tissues (i.e. the
N . . ,
placenta/grophoblast and vascular endothelium) is not entirely clear. Monocytes from

preeclaQOen were shown to inhibit trophoblast proliferation in an in vitro

system, a ch monocytes also induced higher rates of trophoblast apoptosis than
those fro hy pregnancies [303]. However, monocytes from both preeclamptic
and norma gnancies showed similar binding of syncytiotrophoblast-derived
microparti 7]; thus, it is possible that such microparticles are not the primary
drivers o yte activation in this context. This concept is further suggested by

the fact MCubation of peripheral monocytes with preeclamptic or normal
pregn ived STBMs caused only modest changes in surface marker
expression okine release [312].

nother factor that adds to the complexity of monocyte interactions in women
with preilampsia is the involvement of the coagulation system. Both preeclamptic
and hea gnant women had higher proportions of monocytes with bound
platelets C ared to non-pregnant women after in vitro adenosine diphosphate

(ADP)Mn, and the numbers of bound platelets per monocyte were also

increa Moreover, platelet-monocyte aggregates from women with

preeclam@eased higher levels of sFlt-1 than those from healthy pregnant or
non-pregn men [314]. Fibrinogen, an acute phase protein that is released
duringmon and displays multiple immune interactions [315], was elevated in
the circulation of preeclamptic women and increased in vitro cytokine production by

preeclampsia-derived monocytes compared to those from normotensive pregnancies
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[316]. Interestingly, fibrinogen treatment also reduced the levels of sFlt-1 present in a

co-culture system of preeclampsia-derived monocytes and endothelial cells,

L

suggestin t fibrinogen exerts distinct and unrelated effects on the cytokine

producti ngiogenesis pathways as part of the pathophysiology of

u :
preeclamgsia [305].

Thgaabmye studies highlight the complex network of interactions that takes

G

place bet monocytes, the placenta, and the maternal vasculature, and how

dysregul impairment of one component can affect monocytes and potentially

S

other circulating,immune cells, leading to systemic responses. An important topic of

U

future res n the pathogenesis of preeclampsia will be the unraveling of such

1

interactio etermine cause versus effect, specifically in regards to monocyte

activationfa larization.

d

Macropha
istinct macrophage populations are well described in tissues such as the
decidua [817-319] and placenta [320]. Such macrophages have also been implicated

in severa@ts of the pathophysiology of preeclampsia, including the progression

of acute a sis [321, 322], a lesion of the spiral arteries that often accompanies
this pr: isease [5, 323-326]. One of the first examples of such involvement
was tI’HmIogical identification of lipid-scavenging macrophages in the
uteroplac@eries [323]. Similarly, immunohistochemical analysis showed that
macropha rround and infiltrate the decidual spiral arteries in preeclamptic
women 28], potentially mediated by ICAM-1+ and HLA-DR+ endovascular

cytotrophoblasts [328]. Finally, macrophage infiltration of the spiral arteries in the

decidua [328] and myometrium [329] was greater in women with preeclampsia than
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in those with healthy pregnancies. Whether such macrophage infiltration is a local or
tissue-wide phenomenon in preeclampsia remains unclear, as some reports found
similar nu s of CD14+ and/or CD68+ macrophages in the placental beds of
preeclamﬁn and those with healthy pregnancies [330], while others reported
. E——— : .
an |ncre§e in these cells [176, 331]. Regardless, the increased localization of
macrophgthe spiral arteries appears to be a common feature in women with
preeclam :

M ges seem to be skewed towards a pro-inflammatory state in women

S

with preeclampsia, although the question of cause versus effect remains. Placentas

€

from wom had preeclampsia contained higher proportions of M1-like CD11b+

1

inducible iemoxide synthase (iINOS)+ macrophages and simultaneously lower

proportiofis 2-like CD11b+Arg1+ macrophages compared to those from women

d

with h nancies [294]. The expression of INOS was noted in Hofbauer cells

(placental phages), but no differences were shown among women with normal

Wi

pregnancy, preeclampsia, or IUGR [332]. However, the decidual tissues from a

preeclam@sia-prone BPH/5 mouse model displayed elevated mRNA expression of

[

iINOS [3 s, changes in the expression of INOS during the pathogenesis of

&

preeclamp ay depend on macrophage polarization status as well as tissue-

specifi rences. In line with this concept, flow cytometric analyses of decidual

1

|

tissues ons of acute atherosis demonstrated increased proportions of M1-

Ul

like macrophag@s expressing CD80, iNOS, or IL-12 compared to unaffected tissues

[322]. Simj ndencies were observed in an animal model of LPS-induced

A

hyperte which decidual M2-like macrophages were reduced, as was the
expression of the immune checkpoint marker TIM-3 by such cells [334]. Notably, the

administration of the TIM-3 ligand galectin-9 increased M2-like macrophage
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polarization and improved maternal/fetal parameters [334], suggesting that the TIM-
3/galectin-9 pathway could be implicated in altered macrophage functions in cases of

preeclamp:' En tandem with these observations, the proportion of CD206+ M2-like

macroph decreased in the mesometrial triangle in a rat model of ATP-
_ N _ . :

induced sreeclampsm [292]. Thus, the pathogenesis of preeclampsia may be
associateu an imbalance between M1-like and M2-like macrophages. Such
imbalance d potentially be driven by placental defects, as it was recently

reported first-trimester trophoblast cell line secretes soluble PD-L1 that

S

promotes an anti-inflammatory M2-like macrophage phenotype in vitro [335].

€

Moreover e PD-L1 levels increased throughout the first trimester in normal

I

pregnant n [335]; yet, whether alterations in the relationship between

trophoblg w@ macrophages occur in women with preeclampsia requires further

al

investi

Outsj f the strict M1-M2 paradigm, two less well described macrophage

A

subsets have also been detected in decidual tissues from women with acute

atherosis@[322]: Mhem [336] and MOX [337] macrophages, both of which can

g

express i-inflammatory molecule HMOX-1 [338]. HMOX-1 has been shown to

0O

play impo roles in placental development [339] and maternal-fetal tolerance

[340]; th he presence of macrophages expressing this molecule may represent a

1

[

physio ponse to the oxidative stress and inflammation occurring in women

with preeclamp$ia. The molecule CD74 (MHC-II invariant chain li [341]) may also be

L

an importa ulator of these cells, as CD74+ macrophages were shown to be

reduce

A

e placentas of preeclamptic women compared to those with
normotensive pregnancies, and mice deficient for this molecule display disturbed

placental development and spiral artery remodeling accompanied by fetal growth
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restriction [342]. Such findings may be due in part to the shift towards a pro-
inflammatory phenotype that occurs in CD74-deficient macrophages [342].

Macrophaﬁhenotypes were investigated in spontaneously preeclamptic BPH/5

mice ba e decidual CD11c-expressing subsets originally described by
N . , hi

Houser e!al. [343], and the proportion of IL-10-producing CD11¢c™ macrophages was

decreasew murine decidua while that of CD11¢"® macrophages were elevated

[333]. To , these reports further indicate the plasticity of macrophages in the

decidua placenta, and support the polarization of such cells towards more pro-

S

inflammatory enotypes outside of the M1-M2 dichotomy in women with

U

preeclam

1

Im stochemistry studies showed poor trophoblast invasion of the spiral

arteries s the co-localization of apoptotic trophoblasts and macrophages in

d

wome j eeclampsia [344], suggesting that macrophages may promote
trophoblast tosis in such cases. Several in vitro studies strengthened this
concept by demonstrating that the co-culture of macrophages with a trophoblast cell
line led t@ increased trophoblast apoptosis, which was reversed by the addition of
antibodie@st TNF receptor 1 (TNF-R1) and tryptophan [344]. Such functions
may be re ed to activated or M1-primed macrophages, as LPS treatment of such
cells g@anced their TNF-mediated prevention of trophoblast invasion in vitro
[345] awrgely reversed by exposure of LPS-activated macrophages to IL-10
[346]. Dy@ted corticotropin-releasing hormone (CRH) may contribute to this
process, a molecule was increased in EVTs derived from the placentas of
preecla omen compared to those from normal pregnancies and upregulated

the expression of Fas ligand (FasL) by macrophages in vitro, resulting in apoptosis

of a trophoblast cell line [347]. The mRNA and protein expression of
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cyclooxygenase-1 (COX-1), an important component of the prostaglandin synthesis

pathway, was also elevated in the placental beds of preeclamptic women and was

Iocalized! cental cells, including macrophages [348]. Such enhanced placental

expressiax-1 may indicate a compensatory response to local and/or
N . .

systemic ghflammation in women with preeclampsia.

In wn to the apoptosis and prostaglandin pathways, previous studies

have also ated the complement system in the pathophysiology of preeclampsia
[349-351wna levels of C5a were elevated in women with preeclampsia
compare@-preeclamptic pregnancies [254, 349, 352], and it was subsequently

shown ttﬁactor was localized to placental CD11b+ macrophages and caused

dysregul trophoblast invasiveness [352]. Thus, it appears that multiple
macroph naling pathways are affected in women with preeclampsia,
subse ulting in altered functionality of these cells.

Take gether, the above studies establish the accumulation of

macrophages In response to impaired spiral artery remodeling and their enhanced
polarizatis towards a pro-inflammatory phenotype as contributing factors in the

pathoger@preeclampsia. Given that aberrant M1-like macrophage polarization
n

has bee ciated with other pregnancy complications such as preterm labor and

)

birth [31 he specific targeting of these cells or restoration of the overall pro-/anti-

inflam

1

lance may represent potential strategies to improve pregnancy

outcomes in woinen with preeclampsia.

Gl

Mast ce

A

Mast cells participate in the systemic responses observed in women with

preeclampsia, although not likely to be primary players [353-355]. An early study

This article is protected by copyright. All rights reserved.
46



identified increased proportions of mast cells and higher histamine concentrations in
placental tissues from preeclamptic women compared to those from normal
pregnanci 53]. Such observations were strengthened by the increased mast cell
density ﬁd mean mast cell area in the placental tissues of preeclamptic
women-, @ﬂly indicating mast cell degranulation or activation [354]. In contrast,
the numbers af cells expressing human mast cell chymase were decreased in the
placentauvated in the myometrial tissues of women with severe preeclampsia
comparerthy pregnant women [355]. Similarly, the number of cells positive
for endothelin-% a downstream product of human mast cell chymase cleavage of big
endothelin ], was also decreased in the placenta and increased in the
myometri women with severe preeclampsia [355]. Together, these limited

reports imthe potential involvement of mast cells in the pathophysiology of

preecl —however, mechanistic studies are required to demonstrate the

In Mrrent review, we summarize the critical involvement of the cellular
immune in the pathogenesis of preeclampsia. The reviewed literature reveals
that preec sia involves a complex relationship between the maternal immune
system ﬂ placenta as well as other pathophysiological processes. Notably,
womer‘lHeeclampsia are characterized by an exacerbated intravascular
inflammamponse, which is likely triggered by factors released by the
dysfunctio centa. Such dysregulation also includes aberrant cellular immune
responﬁe reproductive tissues and maternal-fetal interface, which further
contributes to the pathophysiology of preeclampsia. Yet, such immune responses

may differ depending on disease severity and the early- or late-onset disease type,
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which has implications for the diagnosis, management, and treatment of women with
preeclampsia.

Despite the large body of evidence demonstrating the close involvement of
the cellul& system in pathophysiology of preeclampsia, efforts to translate
such flndsgs and thereby improve the clinical care of women with this obstetrical

syndromwtill lacking. Thus, future investigations should seek to generate

translatio seful results and models that can advance the prevention, diagnosis,
and/or trw of preeclampsia. Specifically, the incorporation of recently emerging
technologies ch as single-cell RNA-sequencing together with large-scale
longitudin y designs [319, 357, 358] may be able to provide potential

immunol iomarkers or novel therapeutic strategies to treat the devastating

effects omstetrical syndrome.
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FIGURE LEGENDS

Figure 1. The role of innate and adaptive immune cells in the pathophysiology of
preeclampsia. In the maternal circulation (upper image), a large body of evidence
has impli tive immune cells such as regulatory T cells, effector T cells, yd
T ceII; Ecells as well as innate immune cells, namely natural killer cells,
invariant gat killer T cells, neutrophils, monocytes, and dendritic cells, in the
cellular m isms that take place in women with preeclampsia. In the decidua
(lower irrWudies have described alterations in natural killer cells, neutrophils,
dendritic cells,ast cells, and tissue-resident macrophages as well as regulatory T
cells, effe ells, yo T cells, and B cells that occur in women with preeclampsia.
Future stﬁay focus on crosstalk between local and systemic immune cells to
provide minterconnected picture of cellular immune responses that occur as

part of%physiology of preeclampsia.
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Figure 2. An imbalance between regulatory and effector T cells in the

pathophysiology of preeclampsia. During normal pregnancy, regulatory T cells in the

maternal

cireulation (upper panel) and the decidua (lower panel) mediate effector T

cell activ, ent aberrant immune responses. Such balance is disrupted in
N , _ ,

women V\Sh preeclampsia, where systemic and local proportions of regulatory T cells

are decre(eﬁnd effector T cells exhibit greater activation and function.
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