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Abstract Decidual vasculopathy is commonly associated with preeclampsia and develops in the
late pregnancy in the uterine spiral arteries, which were previously remodeled by the
extravillous trophoblasts. In normal early pregnancy, trophoblasts invade into the spiral
artery, leading to vascular transformation, and this transformation is found to be
associated with phenotypic switch of the endovascular trophoblasts to express CD56, a
maternal protein likely from the natural killer (NK) cells. These endovascular tropho-
blasts are diminished at term. The decidual vessels are also returned to near normal at
the delivery. Both the uterus and the uterine spiral arteries undergo involution after
delivery. In preeclampsia, the endovascular trophoblasts are present within the vessel
wall associated with the persistence of switched phenotype similar to those seen in the

vasculopathy early implantation. The persistence of the endovascular trophoblasts in decidual
= preeclampsia vasculopathy indicates a failure to return to normal vessels in preeclampsia, thus
= CD56 suggesting a potential mechanism of pathogenesis. NK cells seem critical not only for
= natural killer early implantation and spiral artery remodeling but also for the development of
= spiral artery decidual vasculopathy in preeclampsia. In this short review, some critical aspects of

remodeling decidual vasculopathy in normal pregnancy and preeclampsia are reexamined and a
= involution new hypothesis is proposed.
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trimester were shown to be useful as predictive tools.* Pla-

Preeclampsia is a heterogeneous group of clinical syndromes
affecting 5 to 8% pregnancies. Preeclampsia can be classified on
the basis of the severity of clinical symptoms as mild, moder-
ate, or severe, or gestational age as early-onset or late-onset.' >
The early-onset preeclampsia (before 34 weeks) is considered
adifferent disease entity due to the high probability of adverse
maternal and fetal complications. Early-onset preeclampsia is
thought to be mediated by the placenta with defective tropho-
blast invasion of the maternal vessels, and defective angiogen-
esis from the placental development. The maternal serum
angiogenic factor, placental growth factor (PIGF), and Doppler
ultrasound examination of the uterine artery in the second
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cental pathology commonly associated with preeclampsia is
centered on the ischemic changes such as villous tissue
infarcts, maternal vascular malperfusion, and vascular throm-
bosis. The late-onset preeclampsia, however, appears to be
associated with less adverse maternal-fetal complications and
different hemodynamics of the maternal circulation.? Serum
PIGF and ultrasound imaging of the uterine artery seem less
useful for late-onset preeclampsia. Placental examination
commonly fails to show significant histopathological changes
within the villous tissue or vasculatures. A large body of
literature depicting preeclampsia and its defective trophoblast
invasion and maternal vascular malperfusion appear fit better
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to the early-onset preeclampsia, but early-onset preeclampsia
represents approximately 10 to 20% of overall preeclampsia
patients, and the remaining majority of preeclampsia patients
is a mystery in their disease mechanism and pathogenesis.

Decidual Vasculopathy, Preeclampsia, and
Implantation

Decidual vasculopathy is commonly associated with maternal
preeclampsia and hypertension. Decidual vasculopathy is char-
acterized by the vascular transformation within the decidua.
There are three morphological types of decidual vasculopathy,
namely acute atherosis, fibrinoid medial necrosis, and mural
arterial hypertrophy.>® These morphological features could
represent the various stages of the same pathological process.
Decidual vasculopathy was first described in detail in 1945 by
Arthur Hertig as “acute degenerative arteriolitis,” and there
were three phases of the morphological changes.” The first
phase was described as “collection of foamy fat-laden mono-
nuclear leukocytes or phagocytes” beneath the intima of the
spiral artery followed by the “fibrinoid degeneration” of the
media, which is superseded by “fibroblastic proliferation” of
intima and results in near-complete “obliteration” of the
lumen. These vascular lesions were also studied in details by
others including Marais in 1962.2° These seminal changes of
the decidual vessels in vasculopathy and their descriptive
characteristics remain essentially unchanged in the modern
textbooks of placental pathology today. Acute atherosis is also
named in similarity to adult atherosclerosis in which foamy
macrophages with lipid/cholesterol are deposited within the
wall or the lumen of the vessel. Acute atherosis in preeclampsia
shows several foamy cells within the vascular wall or lumen,
and these foamy cells are believed to be “macrophages” phe-
notypically reactive to CD68 by immunostaining with similar
characteristics to adult atherosclerosis.'® The morphological
features are named “fibrinoid medial necrosis” when the
vascular wall consists of mainly eosinophilic fibrinlike material
free of cellular components, and there are mixed immune
deposits including immunoglobulin (Ig) G, IgM, and comple-
ment C3 within the eosinophilic material by immunostaining
or immune-fluorescent detection methods.'"

The replacement of vascular wall including the muscular
media, intima, and adventitia with fibrinlike eosinophilic
material and disappearance of endothelial cells in late preg-
nancy associated with preeclampsia is morphologically simi-
lar to those seen in spiral artery remodeling in early
implantation. Implantation and spiral artery remodeling
were performed by the fetal extravillous trophoblasts.>'%13
In early implantation, there are extravillous trophoblasts
invading into the lumen of the vessels, ranging from a few to a
large number with aggregates forming a plug in the vascular
lumen, depending upon the gestational age of the pla-
centa.'?' Trophoblastic invasion into the vascular lumen
represents the first step of establishing the intervillous
circulation, and the entire intervillous space is subsequently
lined by the syncytiotrophoblasts of the villous tree without
endothelial cells or smooth muscle. The spiral artery remo-
deling not only is a physiological process to allow dramatic
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maternal blood volume expansion and fetal development but
also seems critical for the maintenance of maternal blood
pressure in the presence of increasing volume expansion
(discussed later). I have first noted that the CD68-reactive
“macrophages” in acute atherosis in preeclampsia are immu-
noreactive to pan-cytokeratin (AE1/AE3), in addition to
CD68, and these cells are phenotypically consistent with
fetal trophoblasts.” Unlike other trophoblasts within the
villous tissue or decidua (interstitial), these intravascular
(endovascular) trophoblasts express CD56, a defining marker
of natural killer (NK) cells of likely maternal origin.15 These
vascular changes in late gestation in preeclampsia are mor-
phologically similar, if not identical, to those in early implan-
tation sites where decidual spiral artery remodeling occurs
with endovascular trophoblasts. The morphological spec-
trum of the decidual vasculopathy in preeclampsia can be
unified as “CD56-related vasculopathy” to imply the poten-
tial pathogenic role of the persistence of fetal trophoblasts
within the maternal vessels.'> Maternal spiral artery remo-
deling is a prerequisite step for all successful pregnancy.'®
Given the fact that the endovascular trophoblasts with
phenotypic switch are required for maternal vascular remo-
deling, which occurs in all successful pregnancies, these
endovascular trophoblasts must have undergone a cell death
process such as apoptosis during pregnancy since no endo-
vascular trophoblasts are present at the normal term pla-
centas. To simplify, normal pregnancy starts with spiral
artery remodeling by the trophoblasts and concludes with
“return to normal or near-normal” maternal spiral artery. In
contrast, the decidual vasculopathy in preeclampsia shows
the persistence of various numbers of trophoblasts in the
vessels similar to those in early implantation. It seems logical
to propose that endovascular trophoblasts with phenotypic
switch to express CD56 in early implantation is related to
preeclampsia in late pregnancy, and persistence of these
endovascular trophoblasts from early implantation to late
gestation suggests failure of a process to “return to normal or
near-normal,” and this failure to “return to normal” is at least
a part of the decidual vasculopathy in preeclampsia (~Fig. 1).

Mural arterial hypertrophy is characterized by the pre-
sence of arteries of thickened medial wall surrounded by
scattered lymphocytes (NK cell).'”'® It seems to represent a
failure of trophoblast invasion into the vessels, leading to
failure of spiral artery remodeling. It is commonly associated
with maternal hypertension and could represent preeclamp-
sia superimposed on preexisting chronic hypertension. This
particular vascular change is difficult to study in both early
implantation and late pregnancy due to the lack of specific
markers similar to CD56 expression in trophoblasts. Lack of
spiral artery remodeling can lead to pregnancy loss, and this
may represent vascular changes in true hypertension since
these morphological changes are similar to those in hyper-
tensive vasculopathy in adult nonpregnant population. It is
also known from epidemiological data that chronic hyper-
tension poses two times higher risk of infertility. Whether
mural hypertrophy is related to the failure of phenotypic
switch of the trophoblasts leading to failure of trophoblastic
remodeling of the spiral artery or the phenotypic switch of
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Fig.1 Endovascular trophoblasts (EVT) with phenotypic switch in implantation and persistence decidual vasculopathy in preeclampsia (PE) and

other complications.

trophoblasts and vascular invasion are two separate issues
that remain unclear. In a mice model deficient of interferon
gamma (IFN-G) or reduction of uterine NK cells, the decidual
spiral artery showed increased thickness of the vascular wall
with a narrow lumen,'®? in addition to decidual necrosis in
late gestation, and these vascular changes in the murine
model share significant similarities to human mural arterial
hypertrophy. It is possible that mural arterial hypertrophy in
humans is related to abnormal signaling of IFN-G and NK
cells in early or late gestations since mural arterial hyper-
trophy can be identified in both early implantation sites in
abortion specimens and preeclamptic placentas associated
with significant fetal and placental complications.'®?! In our
experience, mural arterial hypertrophy is commonly seen in
placentas from preeclampsia or chronic hypertension (early-
onset preeclampsia) but not common in placentas with other
complications such as diabetes without preeclampsia or
hypertension. Quantification of NK cell number in human
placentas with this type of vasculopathy or quantification of
maternal serum IFN-G in maternal hypertension may pro-
vide an insight into whether mural arterial hypertrophy in
pregnancy complication is related to NK cell function.

Hypertension and Preeclampsia

Blood pressure in physiological conditions is maintained
through volume, cardiac output, and peripheral resistance in
a complex manner, and regulation of blood pressure involves
neuroendocrine system and local vascular regulatory systems
including vasoconstrictive and vasodilative systems. In preg-
nancy, the maternal volume is increased up to 40%, and the
cardiac output is consequently increased.> The peripheral
resistance is decreased to accommodate not only the fetal
growth requirement of nutrients and but also the maintenance
of normal maternal blood pressure. In gestational hypertension
or preeclampsia, the blood volume and maternal cardiac output
are mostly similar to or lower than that in normal pregnancy,
and the peripheral resistance appears to be increased and the

local vascular regulation is affected. There are many endocrine
factors and local vasoconstrictors/vasodilators involving the
systematic regulation of blood pressure.? A large body of
literature on shallow trophoblastic invasion and inadequate
spiral artery remodeling in pregnancy demonstrates a quanti-
tative insufficiency of decrease of the maternal peripheral
resistance as a mechanism of pathogenesis of preeclampsia.
Shallow trophoblast invasion and inadequate spiral artery
remodeling result in small placenta development and
hypoxic/ischemic changes in placenta, such as infarcts, vascular
thrombosis, and villous hypoplasia.?? This is especially impor-
tant for early-onset preeclampsia. However, a majority of the
preeclampsia is late-onset, with normal to large placentas
without identifiable histopathological features on placental
examination. Our data suggest an alternative explanation in
that if the spiral artery remodeling by trophoblasts in early
pregnancy (first and second trimester) remains the same in
normal pregnancy and preeclampsia, subsequent failure to
return to normal vascular structure at term could be patho-
genically important to preeclampsia, and decidual vasculopa-
thy in this setting could be the only pathological feature on
placental examination. This “failure to return to normal”
vessels at term could represent a new pathogenic mechanism.

Preeclampsia is clinically defined after 20 weeks of gesta-
tional age, and the defining feature of preeclampsia is maternal
hypertension. It is essential to have hypertension for clinical
diagnosis of preeclampsia in the clinical guideline. Conse-
quently, it is important to examine the relationship between
maternal vasculopathy and maternal hypertension. Our pre-
vious study examined 175 preeclamptic placentas, and we
found 72.6% (127) of the preeclamptic placentas with all three
morphological types of decidual vasculopathy. Meanwhile, we
have examined 137 nonpreeclamptic placentas with decidual
vasculopathy associated with other pregnancy complications
without preeclampsia or hypertension.'” Our study is an
ongoing prospective collection of placentasin a tertiary center,
and our data showed that the placentas with hypertensive
disorders represent approximately 12.8% of the total placentas
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we received with or without decidual vasculopathy, and
placentas associated with decidual vasculopathy and other
complications without hypertension/preeclampsia 15.4%
(data not shown). It appears that decidual vasculopathy is
associated with a series of pregnancy complications including
hypertensive disorders, which represent less than one half of
the placentas with decidual vasculopathy in our data. These
data suggest that decidual vasculopathy in placenta poses
additional risks for pregnancy complications other than hyper-
tensive disorders alone, and decidual vasculopathy may or may
not directly related to maternal hypertension mechanistically.
Consequently, decidual vasculopathy alone is probably not
equivalent to maternal vascular malperfusion or underperfu-
sion, and the term “maternal vascular malperfusion/under-
perfusion” should be a constellation of morphological changes
leading to small placentas and vascular ischemia, which seems
to fit with early-onset but not late-onset preeclampsia.

The placentas with decidual vascular changes before
20 weeks are not known to be associated with clinical man-
ifestations of preeclampsia. Decidual vascular changes have
been seen in placentas up to 24 to 28 weeks delivered for
nonpreeclampsia reasons. If the relationship between the
persistence of endovascular trophoblasts from early implanta-
tion and the decidual vasculopathy at the late gestation are
causal, then decidual vasculopathy alone is unlikely to cause
maternal hypertension since trophoblastic remodeling of the
spiral artery is physiological. It is important to note that
endothelial cells in the decidual vessels undergo disappear-
ance at implantation and reappearance at the delivery, and
there is an intimate relationship between the invading fetal
trophoblasts and the maternal vascular endothelial cells. It is
also important to note that the entire placenta is lined by the
syncytiotrophoblasts at the intervillous spaces, with direct
contact with the maternal circulation, and there is no smooth
muscle within these intervillous spaces that can be regulated
through the classic local nitric oxide or systemic maternal
rennin-angiotensin mechanism. The role of these syncytiotro-
phoblasts at the intervillous spaces in regulating maternal
blood pressure remains largely unclear.

Examination of postpartum uterus and the spiral arteries
from the hysterectomy specimens for placenta percreta and
postpartum hemorrhage revealed that the spiral arteries
within the decidua and inner myometrium largely returned
to normal calibers without the apparent presence of endo-
vascular trophoblasts (normal involution, data not shown).
However, the term “involution” depicts the rapid reduction
of the uterus in size and weight after delivery, with a return
to the physiological state of circulation and other functions of
the maternal system. Restoration of the uterine spiral artery
to the normal state after delivery is only a part of the
involution of the maternal systems including the endothelial
cell, smooth muscle, and elastic layers of the vessels, in
addition to the size and weight of the uterus. “Failure of
involution” in the title captures only a fraction of the mean-
ing of involution due to a lack of better term. However,
involution may have significant implications for increased
incidence of systemic hypertension and cardiovascular dis-
ease risks subsequently after preeclampsia.
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Natural Killer Cells and Early Pregnancy

Embryonic implantation occurs at the blastocyst stage with
attachment to the endometrial surface and invasion into the
endometrium with concurrent differentiation of trophecto-
derm and inner cell mass. The cytotrophoblasts are differen-
tiated under genetic controls into extravillous or interstitial
trophoblasts with potential to invade into the maternal vessels.
It is well recognized that NK cells are critical for initiating spiral
artery remodeling and that IFN-G is essential for trophoblastic
invasion into the vessel walls.2? IFN-G is the major cytokine
produced in NK cells during pregnancy. In mice model, knock-
out of IFN-Gresulted in the failure of early embryo implantation
and loss of pregnancy, only for the first pregnancy (primipar-
ous, 43%) but not the second or subsequent pregnancies (multi-
parous).’® IFN-G in mice is peaked at the midgestation
(postconception day 10 in a 21-day cycle), and NK cells are
the main source of the IFN-G production. In mice model with
the absence of NK cells and T cells, there are still detectable
levels of IFN-G, indicating that a different cell type other than
NK cell or T cells also produces IFN-G during pregnancy. The
IFN-G deficient mice also showed decidual arteriole wall
thickening with narrowing lumen morphologically similar to
the mural artery hypertrophy in human placenta, in addition to
decidual necrosis. Knockout mice for IFN-G receptor o were
found to have normal implantations and litter sizes, indicating
that the function of IFN-G at implantation is not mediated
through IFN-G receptor . Mice deficient for both IFN-G and
IFN-G receptor o showed increased numbers but hypogranu-
lated NK cells within the uterus during pregnancy.

The function of NK cells in the mouse and the rat model
was demonstrated by injecting monoclonal antibody into
the abdominal cavity at day 4.5 to day 5 (postconception in
a 21-day cycle, around embryonic implantation) or day
9.5 to day 10 (midgestation) of the rats.?>24 NK cells can
be effectively reduced in number by injecting specific
monoclonal antibody against NK cells. In this model, decid-
ual vasculopathy (fibrinoid medial necrosis and atherosis
similar to human decidual vasculopathy) can be found in
67% rats at term.”>?4 The effect of NK cells in the mid-
gestation on decidual vasculopathy is difficult to compare
with human placenta due to the lack of human decidual
vasculopathy data in mid- to late gestation. The fetal weight
is decreased significantly at term by reducing the NK cells.
Maternal blood pressure and renal functions of the rats
were not affected. Reduction of NK cells appeared to reduce
expressions of angiogenic factors including vascular
endothelial growth factors at both RNA levels and protein
levels.?

It seems that lack of IFN-G only minimally affects implan-
tation and fetal loss, and lack of NK cells has no effect on the
implantation or trophoblastic invasion of the spiral artery in
mice or rat model. In the absence of NK cells, the endothelial
cells within the spiral artery appear intact in the presence of
trophoblasts.?> This finding suggests that NK cell function is
related to endovascular trophoblasts and endothelial cell
interaction, leading to the disappearance and reappearance
of endothelial cells in the maternal spiral artery. Examination
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of interaction between the endovascular trophoblasts, CD56
expression, and endothelial cells in the mice or rat model
could help answer these questions. NK cells appear impor-
tant in maintaining the pregnancy in late gestation and fetal
growth.

CD56 expression on endovascular trophoblasts, invasion
into the vascular lumen, and disappearance of endothelial
cells occur simultaneously, and it is possible that CD56
acquisition by the trophoblasts is related to endothelial
cell function in early pregnancy. The fact that the tropho-
blasts replace the endothelial cells at implantation and that
the endothelial cells replace trophoblasts at the delivery
suggests two separate physiological processes, and abnorm-
alities of both processes can lead to different pathological
features. All these changes occur within the maternal spiral
artery. It seems possible to measure endothelial cell death in
early pregnancy, and trophoblasts cell death later, to gain
important information on the implantation and recovery/
preeclampsia.

Human Leukocyte Antigen C and NK Cell
Receptors in Preeclampsia

NK cells express a family of killer Ig-like receptors (KIRs) that
structurally belongs to Ig gene family.>>=%7 KIR system is
primarily expressed on NK cells and a small subset of T cells.
KIR system on the NK cells is divided into activating KIR and
inhibitory KIR, and the functions of these KIRs on NK cells are
regulated by the receptor ligands. The natural ligands for KIR
are class I human leukocyte antigen (HLA) molecules. Unlike
NK cells in circulation, the function of uterine NK cells is
mainly to produce cytokines and growth factors to regulate
implantation and placental development of the fetal tropho-
blasts. The natural ligand for KIR on the uterine NK cells is
predominantly HLA-C, which is expressed on the fetal tro-
phoblasts, and HLA-C expression on the trophoblasts
appears to be regulated by both maternal and paternal
genes.?”?® The complex interaction of KIR and HLA-C in
addition to complex KIR gene structures and expressions on
NK cells may lead to preeclampsia and other pregnancy-
related complications such as intrauterine growth restric-
tion, recurrent miscarriage, and diabetes.2°3" There are
many recent reviews on this topic; our interest in KIR system
is centered on decidual vasculopathy in preeclampsia and
others pregnancy-related complications,?>32 and decidual
vasculopathy appears to result from the combination of the
endovascular fetal trophoblasts and CD56 expression pro-
vided by the maternal uterine NK cells. It is plausible that
persistence of the endovascular trophoblasts in decidual
vasculopathy results from the specific interaction of KIR
and HLA-C, leading to fetal trophoblasts, rather than uterine
NK cells, to survive longer. It is also worth noting that CD56
itself is an Ig-like glycoprotein expressed on the membrane
of NK cells, and whether or not CD56 serves as a receptor for
an unknown natural ligand remains an interesting possibi-
lity. Direct transfer of CD56 from maternal NK cells to fetal
trophoblasts upon invasion into the vessels may have addi-
tional significance.

Decidual Vasculopathy in Preeclampsia Zhang

Summary

Direct transfer of CD56 from the uterine NK cells to fetal
trophoblasts upon invasion into the spiral artery in early
implantation and subsequent persistence of fetal trophoblasts
in decidual vasculopathy in preeclampsia and other pregnancy-
related complications provides interesting insight into the
mechanism of pathogenesis of preeclampsia, especially late-
onset preeclampsia and other pregnancy-related complications,
and offers new directions for research potentially with impact to
understanding of the disease.
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