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Abstract

Background: Thrombomodulin (TM) is a transmembrane glycoprotein expressed on
the endothelial cell functioning as a cofactor in the anticoagulation system. However,
aside from anticoagulation, recent studies have revealed its multiple organ protec-
tive roles such as anti-inflammation, angiogenesis, and cell proliferation, which may
redefine the function of TM. Although TM is predominantly expressed on placental
trophoblasts, the physiological role of TM during pregnancy remains unclear. Because
the understanding of TM function has drastically progressed, these new discoveries
shed light on the unknown activities of placental TM. Moreover, the clinical applica-
tion of recombinant TM (rTM) has opened the possibility of TM as a therapeutic target
for pregnancy complications.

Objectives: Here, we comprehensively review the studies elucidating the role of TM
during pregnancy from both classic and newly discovered perspectives, and seek for
its potential as a therapeutic target for pregnancy complications.

Methods: Basic research using trophoblast cells and transgenic mice, as well as cohort
studies of inherited TM deficiency and clinical trials of rTM were summarized, which
led us to further discuss the clinical application of rTM as a novel therapeutic for preg-
nancy complications.

Results and Conclusion: Accumulating evidence suggest the relevance of placental

TM deficiency in pregnancy complications such as miscarriage, fetal growth restric-

tion, and preeclampsia. Most importantly, promising results in animal studies and

clinical trials further assure the possibility of rTM as an optimal therapeutic for such

conditions. The therapeutic potential of TM raised throughout this review could dras-

tically change the clinical approach to pregnancy complication and improve maternal

outcomes.
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1 | INTRODUCTION

Thrombomodulin (TM) is a transmembrane glycoprotein localized
on the vascular endothelial cells. Because TM integrates various
physiological processes by regulating thrombosis, inflammation,
and cell proliferation in a host-protective manner, it is considered
to play a crucial role in organ homeostasis. TM is abundantly syn-
thesized by trophoblast cells; thus, it is speculated that TM may also
play a role in the maintenance of placental function. Since TM was
initially isolated from human placenta in the 1980s, its physiological
functions have been intensely studied. Given that thrombophilia is
a well-known risk factor for adverse pregnancy outcomes, antico-
agulative roles of TM involving protein C (PC) were particularly fo-
cused in the 1990s. Although, recently, studies have shed light to its
diverse properties beyond anticoagulation, exerted directly by TM
itself, and by interaction with other cell surface receptors or cowork-
ing molecular complexes, regulating proinflammatory cytokines and
complement activities. These discoveries in the past decade have
become a breakthrough to further understand the physiological
role of TM during pregnancy. More importantly, these newly eluci-
dated properties may have potential therapeutic applications for the
management of pregnancy complications, such as miscarriage, fetal
growth restriction (FGR), and preeclampsia (PE). In this review, we
summarize the involvement of TM during pregnancy, including the
relevance of its recently reported diverse properties, as well as its

potential as a therapeutic target for pregnancy complications.

2 | MOLECULAR PROPERTIES OF TM

2.1 | Structure and functions

Thrombomodulin is a 557-amino acid type-1 transmembrane gly-
coprotein comprising five structural domains (Figure 1).22 The N-
terminal C-type Lectin-like domain (D1) is followed by six epidermal
growth factor (EGF)-like repeats (D2), serine/threonine-rich domain
(D3), and the transmembrane region (D4) with a short cytoplas-
mic tail (D5). The N-terminal region (D1) consists of a domain with
homology to C-type lectin family members.® D1 is responsible for
anti-inflammatory activity. A proinflammatory cytokine, high mobil-
ity group Box1 (HMGB1), is cleaved and deactivated by binding to
this region.* It also interacts with Lewis’ antigen, which regulates
leukocyte trafficking.” D2 consists of six EFG-like repeats, forming
a long stalk of the TM structure. D2 is responsible for anticoagula-
tion, which is the characteristic property of TM. Thrombin shows
high affinity to the EGF5-6 repeats, forming a thrombin-TM complex
that activates PC (APC).® Although EGF5-6 accelerates APC produc-
tion, EGF4-6 repeat is also capable of PC activation independent
of thrombin. The EGF3-6 repeat transforms thrombin-activatable
fibrinolysis inhibitor (TAFI) into its activated form aTAFI, which
downregulates fibrinolysis. D3 has the potential for O-linked glyco-
sylation and chondroitin sulfate attachment. D3 affects mitogenesis
by upregulating matrix metalloproteases (MMPs) and plasminogen
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activators.” A single-pass transmembrane structure (D4) followed by
a short cytoplasmic tail (D5) is the fourth and fifth domain of TM,
respectively, practically attaching the molecule to the cell surface.
D4 is the target site for TM cleavage upon endothelial cell damage,8
whereas D5 regulates cytoskeletal organization via the adaptor pro-
tein ezrin.’

Thrombomodulin is a transmembrane protein expressed on the
endothelium, forming the luminal lining of blood vessels. In conditions
underlying endothelial damage, TMs are proteolytically cleaved from
the membrane, resulting in the elevation of circulating TM fragments in
the blood flow recognized as soluble TM (sTM).X® Although the mech-
anisms of TM cleavage remain unknown, leukocyte-induced proteases
may play a role in its proteolysis.® sTM is recognized as a biological
marker of endothelial dysfunction.!* Patients with disorders that un-
derlie endothelial damage, such as sepsis, disseminated intravascular

coagulation (DIC), and PE show elevated serum sTM levels.'%1?

2.2 | Anticoagulant activities: classic roles of TM

The anticoagulative properties of TM are crucial for the homeosta-
sis of mammalian circulation. Gene-deficient mice lacking vascu-
lar endothelial TM develop hypercoagulopathy, resulting in lethal
thromboembolism.*® Thrombin has a high affinity for TM, forming
the thrombin-TM complex.’* Once bound to the EGF5-6 repeat,
the function of thrombin is converted from its original procoagulant
status to anticoagulation.6 TM inhibits thrombin activities including
fibrinogen cleavage, interaction with protease-activated receptors
(PAR) and activation of factors V and XIlIl. Most importantly, throm-
bin-TM complex serves as a cofactor in APC production. The PC ac-
tivation is significantly accelerated in the presence of thrombin-TM
complex. APC then combines with protein S(PS), which degrades
FVa and FVIllla, and thereby suppresses further thrombin genera-
tion. TM- and TM-PC-mediated pathways have long been proven
to be relevant to the clinical occurrence of thrombosis. Patients
with polymorphisms of PC, PS, Factor V-Leiden (FVL), and TM are
at high risk of thromboembolism.?> Another antithrombotic func-
tion of TM is the activation of TAFI by EGF3-6 repeats.’® Activated
TAFI cleaves C-terminal lysine residues of degraded fibrin, which
abrogates its function as a cofactor in plasminogen-plasmin conver-
sion and thereby modulates fibrinolysis.?” Although the activation
processes of TAFI and PC share the same EGF region of TM, these
pathways do not affect each other.’® These two seemingly identical
anticoagulative properties of TM are independently regulated in the
homeostasis of circulation, which is further clarified by their down-

stream activities under inflammatory conditions.

2.3 | Anti-inflammatory activities: newly
discovered roles of TM

In the past decade, studies revealed the anti-inflammatory prop-
erties of TM, independent of its role in coagulation. Mice with TM



1042 | jt}‘ ODAET AL
HMGB1, Complement
Le¥ O
Fibronectin Lectin-like domain (D1)
- O ] Anti-inflammation: HMGB1, Complement deactivation
an 4) Leukocyte trafficking: Le inhibition
an L _ Cell migration: Fibronectin binding
El - EGF like domain (D2)
™ TAFI E2 Anti-coagulation: Tb binding (High affinity E5-6)
E3 PC activation (E4-6, E5-6)
T4 PC y Fibrinolysis : TAFI activation (E3-6)
A4 4 VaVia Anti-inflammation:  HMGB1 inhibition (E1-2)
aTAFI ES X1b / //‘ ] Complement deactivation C3,C5 (E4-6)
Complement = — o P E6 g a 4 S-Trich domain (D3)
- Anti-coagulation: Tb binding (Low affinity)
Be Ll ) EEA"} o PC activation
| i = Leukocyte trafficking: CD14, LFA-1, MAC-1 binding
Mitogenesis : MMP9, Plasminogen activator

ST ATAInn
e el

Transmembrane domain (D4)
Target for TM cleavage

Cytoplasmic domain (D5)

Cytoskeletal organization : Ezrin binding
Cell migration

FIGURE 1 Structure and function of TM. Thrombomodulin (TM) comprises five structure domain. N-terminal C-type lectin-like domain
(D1) is followed by six EGF-like domain (D2), serine/threonine (ST) rich domain (D3), and the transmembrane domain (D4) with a cytoplasmic
domain (D5). Lectin-like domain (D1) regulates anti-inflammation by binding high mobility group box1 (HMGB1) and complements. It also
interacts with Lewis” (LeY) antigen and fibronectin, modulating leukocyte trafficking and cell migration. EGF domain (D2) is in charge of
anticoagulation. Thrombin (Th) shows high affinity to D2, forming a Tb-TM complex and activating protein C (PC). D2 activates thrombin
activatable fibrinolysis inhibitor (TAFI), which downregulates fibrinolysis. HMGB1 and complement deactivation occurs within D2 as well.
The ST-rich region (D3) affects mitogenesis by upregulating MMP and plasminogen activators. It interacts with CD14 and adhesion molecule
LFA-1 and MAC-1 regulating leukocyte migration. Although the affinity is low, Tb binds to D3, enhancing PC activation. Transmembrane
domain (D4) is the target site for TM cleavage upon cell damage. Cytoplasmic domain (D5) regulates cytoskeletal organization and cell
migration via adaptor protein ezrin. Recombinant TM (rTM) comprises functionally active extracellular D1-3

gene mutations exhibit an increased susceptibility to sepsis, dem-
onstrating that TM is a regulator of inflammatory responses.19
Anti-inflammatory functions of TM are characterized into two cat-
egories: APC-dependent and APC-independent mechanisms. APC
generation is significantly accelerated by TM.® APC-dependent anti-
inflammatory mechanisms are exerted by APC itself and TM-APC
complex interacting with another cell-surface receptor regulated
signaling. Dependent on the EGF 4-6 repeats of TM for its gen-
eration, APC is known to suppress the synthesis of nuclear factor-
kappa B (NF-xB), which in turn decreases its nuclear translocation
and downregulates proinflammatory cytokine production.?® These
activities rely on the process of APC forming a complex with en-
dothelial cell protein C receptor (EPCR) and PAR-1, which initiates
G protein-mediated cytoplasmic anti-inflammatory signaling.zi'22
Furthermore, APC directly interferes with neutrophil inhibiting its
proinflammatory activities and extracellular trap release independ-
ent of NF-xB.2

Suppression of complements is one of the major APC-
independent anti-inflammatory functions of TM.?*2% Because aTAFI
serves as a suppressor of complements C3a and C5a,% the EGF do-
main of TM plays a role in the regulation of complement-mediated
inflammatory reactions by activating TAFI. The Lectin-like domain

serves as a cofactor for factor | and H in the deactivation process
of C3 convertase; thus, it is also involved in complement activity‘25
Indeed, lectin-like domain deficiency enhance complement activa-
tion in animal models of inflammatory arthritis, and diabetic kidney
damage.?>?’” The Lectin-like domain is responsible for the other
APC-independent anti-inflammatory property of TM; the cleavage
of HMGB1.#* HMGB1 is a DNA-binding nuclear protein that serves
as a danger signal when secreted into the extracellular space upon
cell damage.28 HMGB1 binds to the cell surface receptors, RAGE,
and Toll-like receptors, thereby exaggerating secondary inflamma-
tory reactions.?® TM prevents proinflammatory signaling by bind-
ing extracellular HMGB1 to the Lectin-like domain and partially to
the EFG-like domain.*?? Indeed, transgenic mice lacking Lectin-like
domain show high mortality rates in endotoxin-induced lung dam-
age and arthritis.?®%° T™M negatively regulates NF-xB transcription
via HMGB1, independent of APC. Inhibition of HMGB1 is an anti-
inflammatory function of TM that consequently inactivates Toll-like
receptors and RAGE.*?® These cell-surface receptors are known to
upregulate NF-kB transcription, thus, TM plays a suppressive role in
NF-xB activity.

Multiple roles played by each TM domain overlap and crosstalk
by sharing the same TM structure and cofactors, but they mostly do
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not affect each other. More importantly, there is always a backup
player for these physiological pathways within the same TM mole-
cule; thus, its function may be secured even when partial molecular
damage occurs. TM is indeed, a well-organized molecule, capable
and responsible for controlling complex biological systems.

3 | TM AND PREGNANCY

3.1 | Genetic mutation studies in mice revealing
TM functions during pregnancy

A number of transgenic mice with total or partial TM gene muta-
tions have been studied to elucidate its function in placental devel-
opment (Table 1).3233 |n rodent embryos, TM is detected in parietal
endoderm cells from embryonic day (E)7.5.3* By E10.5, TM is found
in fetal vascular organs playing a role in organogenesis.®> Complete
loss of TM causes total embryonic lethality in the early stage of
pregnancy (~E8.5).%¢ Because fetal death occurs before the develop-
ment of the cardiovascular system, these results imply the necessity
of TM in early placentation process. This implication was supported
by placenta-restricted TM reconstitution in TM-null mice.3? TM-null
embryos with placenta-restricted TM expression developed normal
morphogenesis during midgestational period. However, they pre-
sented signs of organ hemorrhage between E12.5 and 16.5, caus-
ing intrauterine death. In transgenic mice lacking TM on vascular
endothelium, 40% of the TM-null embryos retrieved at E10.5, pre-
senting placental thrombosis.*® The remaining 60% were born with
normal morphogenesis, suggesting that TM on trophoblast cells,
not endothelial cells, is required for placentation. Furthermore, TM
may be required for the maintenance of fetal organ homeostasis
rather than organogenesis.'> Most recently, Mens et al. generated
a TM-null mice using tissue selective gene ablation via Meox2Cre-
transgene.’” Selective preservation of TM in placenta and yolk
sac enabled the TM-null fetus to survive to full term. Half of these
complete-TM deficient pups survived until adulthood without se-
vere systemic thrombosis or consumptive coagulopathy.3” However,
when Meox2Cre-TM null females were mated with wild-type males,
carrying normal placentas and embryos, all of the dams ended in le-
thal distress between 11pc to term, exhibiting major maternal hem-
orrhage in the uterus and lungs.?” Given these results, it could be
speculated that placenta-restricted TM is sufficient for placental
development and intrauterine fetal growth. TM-null mice may suffer
systemic thrombosis but are capable of surviving their adulthood;
however, systemic TM is necessary to tolerate maternal physiologi-
cal changes induced by pregnancy.

Early lethality of TM-null embryos was not associated with the
severity of pathological placental thrombosis or fibrin disposition.
Instead, they were related to the severity of apoptotic cell death and
proliferation failure of trophoblast cells, which was identical to the
placentas obtained from mothers with FVL mutation.®® FVL muta-
tion is a known risk factor for adverse pregnancy outcomes, char-
acterized by resistance to APC activities resulting in procoagulant
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status with overly produced thrombin. However, the EGF domain
of TM that is a major generator of APC, is not responsible for fetal
development. This was shown by the TMP™ mice exhibiting EGF4-5
interdomain loop mutations and presenting diminished placental
thrombin-dependent APC generation. TMP™ embryo carried by nor-
mal TM-expressing dams fully survived without defect, even with
the diminished APC activity in the placenta.?’ Because this mutation
replicates the oxidative damage to TM,*® these results could also be
implicated that the TM function necessary for fetal growth, is pre-
served even under high oxidative stress within the uteroplacental
unit. In contrast, when TMP™ embryos are carried by FVL dams, fe-
tuses show growth arrest by E9.5 and intrauterine death by E10.5%8
Because homozygous FVL mice exhibit normal fertility and fetal
growth, these studies suggest that the TM-mediated APC defect in
the fetal side may not be a direct cause but a predominant risk fac-
tor for fetal lethality in maternal prothrombotic status. These animal
studies suggest that the interaction of placental trophoblast-TM loss
and maternal prothrombotic background could be a risk factor of
pregnancy complications.

The pathological similarities in the placenta of TM™™ and FVL
mutation, provoked the hypothesis that the activated coagulation

t.41 Administration of an-

factors may disturb placental developmen
ticoagulants or genetic fibrinogen reduction delayed the resorption
of TM-null embryos; however, it did not attenuate fetal growth de-
fects.* TM-null embryos with impaired TF activity survive without
defects.** TF generates fibrin disposition and fibrin degradation
products (FDP), which is known to induce cell apoptosis. Indeed,
in vitro and in vivo studies revealed that FDP induce cell death, and
thrombin limits cell proliferation in trophoblasts.** Because FDP and
thrombin are normally abrogated by TM, these results indicate that
TM is involved in the survival mechanism of trophoblast cells via
thrombin and fibrin disposition.*? Transgenic mice with EPCR defi-
ciency show similar phenotype with TM-null mice. However, EPCR
null embryos survive until E10.5 with severe placental thrombosis,
which is considered the direct cause of embryonic lethality. Because
EPCR is less relevant to the process of FPD abrogation, the histo-
logical differences between TM and EPCR null placentas could be
related to the amount of FDP accumulated in the placental tissue
affecting trophoblast cell survival.*®

Anti-inflammatory effects of TM have been intensely studied in
the 2000s. The fetus of transgenic mice with reduced TM-lectin-
like domain, a regulator of inflammatory responses, survived with no
growth defects.3® Cytoplasmic domain, regulating cell migration and
cytoskeletal organization, was shown to be irrelevant to embryonic
lethality as well. %3

Genetic depletion of PAR-1 and PAR-2, the coworking recep-
tors involved in inflammatory signaling, did not rescue TM-null em-
bryos.** However, the ablation of platelets or PAR-4, the receptor
mainly expressed on platelets, fully restored the development of
TM-null fetuses and rescued the TMP™ embryos carried by dams
with FVL mutation.?®** These studies imply that the proinflamma-
tory role of platelet and PAR-4 could be the underlying mechanism

of fetal death in TM-deficient embryos.
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Platelet is a major source of HMGB1-mediating inflammation.*®
Considering our previous study revealing the function of HMGB1,
regulating placental angiogenesis via HIF,%¢ it could be speculated
that maternal platelet or PAR-4 on platelets may play a role in
HMGB1 accumulation to the placenta that inhibits placental angio-
genesis, and consequently induce embryonic lethality.

There is a rising possibility that TM is responsible for the tro-
phoblast cell survival and inflammatory regulation rather than an-
tithrombosis during placental development. Because the pattern of
TM expression is conserved in both mice and humans, these stud-
ies provide insight into the function of TM in human pregnancy.
However, the physiological functions and domains of TM are not in
one-to-one correspondence. It is important to consider that the re-
sults of domain-specific gene depletion studies may not fully reveal

the physiological function of TM in pregnancy.

3.2 | Human TM polymorphism and

pregnancy outcomes

Thrombophilia is associated with adverse pregnancy outcomes.*”
Genetic APC resistance from FVL mutation is a well-known risk fac-
tor for fetal death.*” Because TM is a key player in coagulation, moth-
ers with genetically impaired TM were considered at high risk for
maternal complications. Although several TM gene mutations have
been identified so far, the relationship between adverse pregnancy
outcomes and TM polymorphism is under debate.*87%¢ Some T™M
gene mutations are likely to affect pregnancy; however, studies did
not reach statistical significance (Table 2). This could be explained by
several factors. First, TM mutations are extremely rare in humans.
Because TM function is incompatible with fetal development, it is
possible that fetuses with major alterations in TM may not survive.3¢
Second, the expression of TM genetically differs according to the
ethnicity. Maternal sTM level is not the same in mothers of different
ethnicities.®® Thus, the statistical relevance of TM polymorphisms
in pregnancy outcomes may vary between populations. Considering
that TM mutations are rare and their association with pregnancy
complication is unclear, general screening during pregnancy would

not be clinically beneficial.

3.3 | Function of TM during pregnancy

Thrombomodulin plays a different role in each gestational and ma-
ternal organ depending on gestational age (Figure 2). Because the
key for successful pregnancy is the regulation of coagulation and
inflammation that interfere with each other, TM may act as a bridg-
ing player shared by these pathways. Proinflammatory factors are
produced in the uteroplacental unit and flow into the maternal cir-
culation, which makes pregnancy a state of systemic inflammation.
Maternal vascular TM plays a protective role against these inflam-

matory products to prevent endothelial dysfunction and organ

damage. Intense TM expression has been detected in the gestational
tissues. In the initial stage of pregnancy, TM is involved in embryonic
implantation by maintaining the cytoskeletal organization of endo-
metrial cells.>” TM is identified on the endometrium, which is modi-
fied into decidua during placentation. Endometrial TM connects to
actin filaments via bridging protein ezrin, which is responsible for
cell-to-cell adhesion and cytoskeletal development.” TM contributes
to the maintenance of endometrial barrier integrity that determines
the receptivity of embryos.57

Because TM was first isolated from the placenta as “fetomod-
ulin”,®® TM is detected on the placental vascular endothelium,
syncytiotrophoblast, myometrium, and fetal membrane.?>%¢°
Syncytiotrophoblast is functionally equivalent to the vascular en-
dothelium, forming the lining of the intervillous space. Considering
the function of TM in maintaining the interface of circulating blood
flow and organs, it is not surprising that TM is found specifically in
syncytiotrophoblast, but not in cytotrophoblasts nor stromal cells
present in the inner layer of the villi.%* The expression of TM in the
placental vascular endothelium increases with gestational age, most
likely coordinating with the growing need for blood supply.””%* T™M
is also involved in the homeostasis of placental trophoblasts by reg-
ulating cell apoptosis and proliferation cycle.‘”’42 Our current study
revealed the relevance of TM in the placental hypoxic stress cop-
ing mechanism by regulation of HIF signaling. Placental TM reduces
HIF1a activity by inhibiting HMGB1 and enhancing placental growth
factor expression, which promotes angiogenesis.*® TM plays a role
not only in the development of sufficient uteroplacental circulation,
but also in the maintenance of placental cell turnover, functional ho-
meostasis, and stress coping mechanisms (Figure 3).

In normal pregnancy, serum sTM levels continuously increase
throughout gestation and rapidly decrease after delivery.%?
Considering the intense expression of TM in trophoblast cells, it
is reasonable to assume that the placenta is the source of exces-
sive maternal sTM. It is acknowledged that sTM levels significantly
increase in preeclamptic mothers.®37¢% Although the amount is
relatively low, sTM is also found in amniotic fluid.®” sTM detected
in amniotic fluid is most likely nonfunctional, secreted from the
fetus via urine or bronchial excretion. TM is essential for fetal
organogenesis. Indeed, fetal serum sTM levels are several times
higher than that of their mothers.®” Enhanced sTM in fetal cir-
culation could reflect the activity of TM for fetal organ develop-
ment. However, the precise function of TM in fetal development
remains to be clarified. Although its function is largely unknown,
these findings imply that TM is deeply involved in the physiology

of pregnancy.

4 | THE ROLE OF TM IN PREGNANCY
COMPLICATIONS

Regarding its possible relevance during pregnancy, we have reviewed

the studies elucidating the role of TM in pregnancy complications.
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4.1 | Early pregnancy loss

Maternal thrombophilia is one of the acknowledged risk factors of
early pregnancy loss. Placentation relies on sufficient trophoblast
invasion into the endometrium under suppressed local inner im-
munity and vascular formation with anticoagulation properties. TM
is involved in the regulation of coagulation and inflammatory reac-
tions; thus, it is reasonable to consider TM as a pivotal player in the
process of placentation. The association between TM deficiency
and adverse pregnancy outcomes has been assessed based on the
hypothesis that altered TM functions may impair placentation by in-
ducing prothrombotic status. Although not a major cause, several
TM mutations may be associated with recurrent miscarriage.*®%8
Franchi et al. reported that mothers with TM mutations are at an
increased risk of unexplained fetal death in late pregnancy.49 Blood
serum collected from patients experiencing pregnancy loss shows
high sTM levels compared with normal pregnancy at the same ges-
tational stage.®” Because the study of women diagnosed with recur-
rent pregnancy loss (RPL) showed no significant elevation of sTM
levels in their nonpregnant status,”® the enhancement of sTM is
likely to occur in response to pregnancy. RPL patients lack TM ex-
pression in the endometrium,?” indicating the relevance of TM in
the process of decidualization. Indeed, placental tissues collected
upon miscarriage show diminished TM expressions that supports
this speculation.”* TM may be involved in the initial interaction of
the trophoblast and endometrium, which determines the receptivity

of embryo implantation and subsequent placentation.

4.2 | FGR and intrauterine fetal death

Insufficient blood supply resulting from poor placentation may re-
sult in FGR and even intrauterine fetal death. Although the FVL
mutation or prothrombin mutation is known to be involved in the
occurrence of FGR,*72 the relevance of TM mutations remains con-
troversial. TM gene mutations in the promoter region (TM, ¢.201-
G>A) and lectin-like region (TM, c. 282C>G) were specifically found
in patients with severe FGR, which could be a potential risk factor
for placental dysfunction.49 TM protein and mRNA expression in
syncytiotrophoblast were comparable between FGR and normal
pregnancy.®”® However, TM protein levels in the placental villous
capillary endothelium were increased in the FGR group.61 Serum
sTM levels negatively correlate with fetal weights in mothers with PE
and FGR,”* which may reflect the lack of functional cell-surface TM

under such conditions. Although it has long been believed that TM

at the maternal-fetal interface prevents placental thrombosis and
supports fetal growth, the pathological severity of placental throm-
boembolism does not correlate with the occurrence of adverse fetal
outcomes.”® Indeed, the extent of placental thrombosis does not
correlate with placental TM expression levels in TM-gene-deficient
mice,®? suggesting that the anti-thrombotic function of TM may not
be responsible for FGR. Recently, TM is reported to play a role in
hypoxic stress reaction and subsequent angiogenesis.*®’® Increased
TM in the capillary endothelium in FGR placentas could be a com-
pensatory reaction to rescue the placenta from hypoxia and insuf-
ficient vascular development. Placental TM could play a role in the
compensatory process secondary to unfavorable conditions thereby
supporting fetal growth.

4.3 | Preeclampsia

Numerous studies have supported the possible involvement of TM
inthe pathophysiology of PE. Several TM gene polymorphisms were
shown to be related to the development of PE.*? Circulating sTM
levels are elevated in mothers with PE, independent of insufficient
clearance caused by renal or hepatic dysfunction.®7%¢ Mothers
with chronic hypertension showed lower serum sTM levels than
those with PE, implying that sTM does not simply reflect endothe-
lial damage from hypertension.”® Maternal sTM levels correlate
with the clinical severity of PE’” and are found to be higher in
early-onset cases than in late-onset cases.”®”? Preincubation of
plasma obtained from mothers with PE did not enhance TM shed-
ding in cultured umbilical endothelial cells. However, when neu-
trophils were cocultured, sTM increased in the media, suggesting
that PE patient plasma contains neutrophil activation factors and
cleaves endothelial TM.%¢ The source of elevated sTM could be
either the blood vessel endothelium or placental trophoblasts.
Given that maternal sTM levels are elevated during pregnancy and
that placental defects are the underlying cause of PE, it would be
reasonable to assume that the majority of sTM observed in PE pa-
tients originate from the placenta. Therefore, sTM levels in PE may
reflect the extent of placental damage, which may be relevant to
the severity of the disease. These studies indicate that the eleva-
tion of maternal sTM levels could be considered as a biological
marker associated with the pathology of PE. Immunohistochemical
staining showed a significant loss of TM expression in syncy-
tiotrophoblast of the placenta from PE patients, accompanied
by an increase in antiangiogenic factor sFIt-1 mRNA expres-

sion.”> TM mRNA positively correlate with placental MMP 2 and

FIGURE 2 Schematic of thrombomodulin (TM) functions during pregnancy: TM is expressed on various gestational organs with each of
them playing a different role (A and B). TM expressed on the endothelium of maternal systemic blood vessels and placental spiral arteries
regulate coagulation, inflammation, endothelial repair function, and vascular development that assures placental circulation. TM expressed
on the endometrium (decidua) is involved in cytoskeletal development that determines inner immunity upon embryonic implantation. On the
syncytiotrophoblast cells, TM serves as a bridging player between coagulation and inflammatory pathways, as well as the regulation of local
angiogenesis, cell apoptosis and proliferation responsible for placental homeostasis. Soluble-TM (sTM) increase in maternal serum during
pregnancy. Because TM is essential in fetal organogenesis, a high level of sSTM is detected in fetal serum and in amniotic fluid
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a significant reduction in placental TM in mothers conceived by
OD, regardless of whether they developed PE. TM mRNA expres-
sion in the placenta was even more diminished in OD mothers
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FIGURE 3 Molecular function of thrombomodulin (TM) in the placenta. Placental TM expression is regulated by angiogenic or genetic
factors and possibly by maternal age. Thrombin (Tb) binds to TM forming a Tb-TM complex that enhances protein C (PC) activity. Activated
PC (APC) further prevents Tb from converting fibrinogen to fibrin and subsequently decreasing fibrin degradation product, which is a
causal factor of trophoblast cell apoptosis. APC also regulates G protein-coupled protease-activated receptor (PAR) 1-4 activities that
promotes trophoblast cell proliferation. Extracellular high mobility group box1(HMGB1) activates Toll-like receptor (TLR) 2, TLR4, and
receptor for advanced glycation end products (RAGE) that in turn enhance NF-xB mediated inflammatory signaling. This reaction caused
by HMGB1 subsequently upregulates local HIF1a activity, antiangiogenic factor sFlt-1, and down-regulates proangiogenic factor; placenta
growth factor (PIGF) in the placental tissue. TM inactivates this series of inflammation and antiangiogenic pathways by cleaving HMGB1

who had developed PE compared with uncomplicated OD moth-
ers. Interestingly, these mRNA levels were inversely correlated
with maternal age.80 OD pregnancy is immunologically challeng-
ing because of the allogenic fetus. Considering the function of TM
in the regulation of the immune system, the loss of placental TM
in OD mothers could be either a cause of reduced immunological
tolerance or the consequence of an overactivated immune system
resulting in the cleavage of TM.

Most recently, a study focused on placental inflammation induced by
extracellular vesicles (EV) has further elucidated the anti-inflammatory
role of placental TM in PE pathogenesis.81 EVs are proinflammatory

substances that can cause PE by enhancing the activities of platelets,
inflammasomes, and IL-1p. EV-dependent IL-1B directly suppresses TM
expression and proliferation in trophoblast cells. EV infusion induced
PE-like symptoms in pregnant mice, presenting placental inflammation
and FGR.8! These EV-induced symptoms were reversed by soluble-TM
treatment, genetic placental-TM restoration, or IL-1f receptor antago-
nist, which prevented TM shedding. This study indicates that EV induces
placental damage via reduction of TM, which compromises trophoblast
cell proliferation and placental development, leading to the develop-
ment of PE. These findings add a new dimension to the pathological
function of placental TM in inflammatory pregnancy complications.
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The pathophysiology of PE is systemic endothelial damage from
overly produced proinflammatory factors from the dysfunctional
placenta. Characteristic features of PE include trophoblast cell
apoptosis, suppressed placental angiogenesis, systemic endothelial
dysfunction, and enhanced inflammatory responses from activated
proinflammatory factors.8? TM is involved in placental development
and maintenance, by regulating trophoblast cell turnover and physi-
ological stress coping mechanisms.3-*#¢ These roles of TM may be
central to the homeostasis of placental function. Although it may
not be a direct cause of the disease, the lack of TM function during
pregnancy may contribute to the development of PE.

5 | CLINICAL APPLICATION OF RECOMBINANT
TM IN PREGNANCY-RELATED DISEASE

The clinical application of recombinant human soluble TM (ART123;
rTM) has further widened the knowledge of TM. In the following
section, we review the therapeutic mechanism of rTM and discuss
its potential therapeutic application in pregnancy complications
(Table 3).

5.1 | rTM and its therapeutic potential for non-
obstetric diseases

Recombinant TM is a clinical agent that comprises functionally ac-
tive extracellular domains of human TM.83 Although the structure
is almost identical to the sTM cleaved from the cell surface, the bio-
logical function of sTM and therapeutic rTM can be very different.
The cleavage site of cell surface TM may depend on the cause of
the cell damage, thus sTM fractions could be functionally unequal.
Furthermore, TM activity is easily altered by stress factors such as
oxidation.*® Because TM shedding mostly occurs upon cell damage
from environmental stress, it is highly possible that sTM is function-
ally impaired compared with therapeutic rTM agents. Daily intra-
venous administration of rTM is recommended for DIC treatment.
Because of its anti-inflammatory effect, the efficacy of rTM has been
particularly verified in sepsis-related DIC. The meta-analysis of three
randomized control trials including 838 patients and nine observa-
tional studies showed a decrease in mortality rate in rTM-treated
sepsis-induced DIC patients.®* The most recent multinational ran-
domized control trial enrolled 800 patients with sepsis-associated
coagulopathy (SCARLET study) and showed a 2.6% reduction in the
absolute risk of mortality in the rTM-treated group; however, the
therapeutic efficacy did not reach statistical significance.85 Although
multiple studies show favorable trends in patient outcomes, further
studies are required. The efficacy of rTM has been recently inves-
tigated in inflammatory diseases besides sepsis. Clinical trials have
shown that rTM increases mortality in patients with idiopathic pul-
monary fibrosis (IPF).8¢ Because IPF is a sterile inflammatory disease
with pathological relevance to HMGB1 activity, the inhibition of
HMGBL1 is considered to be the underlying therapeutic mechanism.

jtj“ | 1051

Solulin (ZK158 266) is another recombinant TM agent with mutation
in its N-terminal and C-terminal, which makes the agent resistant to
proteolysis and oxidation. Because the benefit of Solulin is focused
on its stability as an anticoagulant, the binding ability to the inter-
fering protein is disrupted.®” The N-terminal of TM is responsible
for anti-inflammatory function. Thus, Solulin is likely to have less
anti-inflammatory effect compared with native TM. In comparison,
rTM (ART123) is a complete active agent of extracellular native TM.
Considering the study results pointing out the relevance of its anti-
inflammatory function during pregnancy, rTM could be the most
ideal therapeutic agent for pregnancy complications.

5.2 | rTMas an anticoagulant agent for
postpartum hemorrhage

Patients with DIC induced by obstetric complications are good candi-
dates for rTM treatment. Several studies have reported the efficacy
of rTM on clinical and laboratory improvement in DIC patients with
obstetric complications such as postpartum hemorrhage, amniotic
fluid embolism, and PE. A retrospective cohort study of obstetric
DIC patients showed that postpartum rTM treatment significantly
improved coagulant markers and reduced the amount of blood
transfusion.88-7° Obstetric DIC is not simply induced by hemorrhage
upon delivery, but results from systemic inflammation caused by the
entry of fetal components into the maternal circulation serving as a
proinflammatory mediator. Amniotic fluid embolism is a typical con-
dition caused by fetal substances in the maternal blood flow; how-
ever, contamination of fetal components is also found in postpartum
hemorrhage and placental abruption.”*?? Because these conditions
frequently develop severe coagulopathy, the proinflammatory activ-
ity induced by fetal components is considered to play a role in the
pathogenesis of obstetric DIC. Among various inflammatory signal-
ing pathways, amniotic fluid is known to activate the complement
system and its subsequent immune responses.”>”® Because C3 and
C5 are anti-inflammatory targets of rTM, the inhibitory effect of
complement systems might explain its particular efficacy on obstet-
ric DIC.

5.3 | rTMas an anti-inflammatory agent for PE

Because rTM fully retains the function of native cellular TM, it is also

known for its active anti-inflammatory effect.”*

The unique inflam-
matory suppression properties of rTM, has extended its therapeu-
tic application to sterile inflammatory diseases. In animal studies,
promising results of rTM have been reported in inflammatory bowel
disease and IPF.8%%> The underlying etiology of PE is systemic in-
flammation because of insufficient placentation. Lack of placental
TM expression were noted in mothers with PE. Hence, theoreti-
cally, rTM could replenish the function of the reduced placental TM
function, thereby serving as a potential therapeutic for PE. Based

on this perspective, several studies have assessed the efficacy of
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TABLE 3 Studies assessing the therapeutic efficacy of rTM (ART123) in pregnancy complications

Year Author Assessed complications Study model

2014 Shin et al.”® PE Rat

2018 Sano et al.”’ Recurrent miscarriage/ Mice

FGR

2021 Oda et al.”® PE

2021 Oda et al.* Fetal growth

2013 Sugawara PPH+DIC Patient study
et al.58

2015 Yoshihara PPH+DIC Patient study
etal.®

2017 Kobayashi PPH+DIC Patient study
etal.”®

Mice/human trophoblast cells

Mice/human trophoblast cells

Summary

rTM administration improved FBW, placental
blood perfusion and fetal brain oxygenation
in LLNAME +LPS induced PE rat.

rTM decreased fetal resorption and placental
fibrinogen deposition in CBA/JxDBA/2
recurrent miscarriage mice model. rTM
increased FBW and placental VEGF
expression.

rTM attenuated HTN, proteinuria, FGR, and
placental vasculature in Ang Il-induced
PE mice. sFlt-1, IL-6, and TNF-a were
suppressed by rTM via HMBG1 in human
trophoblast cells.

rTM increased FBW and F/P-weight ratios in
pregnant mice. rTM downregulates HIF1a
and induces PIGF via HMGB1 in human
trophoblast cells.

Single-center retrospective review of 36
patients. D-dimer levels and the frequency
of bleeding episodes decreased in patients
treated with rTM.

Single-center retrospective cohort of 66
patients. Platelet transfusion volume was
lower in the rTM treated patients.

Postmarketing surveillance of 117 patients
showed significant improvement in
fibrinogen/fibrin degradation products,
D-dimer, fibrinogen, PT/aPTT time in rTM
treated patients.

Abbreviations: Angll, angiotensin2; DIC, disseminated intravascular coagulation; F/P weight ratio, fetal/placental weight ratio; FBW, fetal body
weight; FGR, fetal growth restriction; HGBM1, high mobility group box1; PE, preeclampsia; PIGF, placental growth factor; PPH, postpartum

hemorrhage; rTM, recombinant thrombomodulin (ART123).

rTM in animal models of PE. In our previous report, rTM administra-
tion to angiotensin 2-induced PE mouse significantly improved PE
symptoms, including hypertension, proteinuria, FGR, and placental
defects.”® We further discovered that extracellular HMGB1 could
induce trophoblast cell damage via NF-xB activation, resulting in ex-
cessive antiangiogenic factor sFlt-1 and proinflammatory cytokine
production from the placenta.96 Therefore, the underlying thera-
peutic mechanism of rTM could be the inhibition of HMGB1 activ-
ity, which subsequently protects the placenta from inflammatory
damage. Recent studies have revealed the involvement of HMGB1
in various pregnancy-related pathologies such as FGR and preterm
labor.”” Given the findings that these complications underlie inflam-
mation resulting from HMGB1 activity, rTM could be a potential
therapeutic for these maternal complications, serving as an HMGB1
inhibitor.

Shin et al. reported the efficacy of rTM as an improvement of
placental blood perfusion on a PE rat model, which further sup-
ports the efficacy of rTM on PE.”® Another study using CBA/J x
DBA/2 mice®’ has concluded that rTM may reduce fetal resorption
in RPL patients. Although its safety is clinically proven in human,
the use of rTM during pregnancy is contraindicated because of the

theoretical concern of adverse events. Indeed, animal studies have
reported systemic hemorrhage in dams treated with extremely high-
dose rTM. However, rTM is a large molecule > 64 kDa in size, making
it highly unlikely to cross the placental barrier and affect the fetus.
Given the results of the listed studies, it is quite possible that the
appropriate dose of rTM could be a safe therapeutic approach for
PE and other pregnancy complications. Last, it is important to note
that each animal model of pathological pregnancy has its limitations.
The therapeutic effect of rTM should be verified in multiple animal
models for solid evidence.

6 | CONCLUSION

Thrombomodulin is a multifaceted transmembrane protein that fa-
cilitates various biochemical signaling and physiological pathways.
In this review, we have clarified its organ-protective functions that
could be central to placental homeostasis throughout pregnancy. TM
mediates apoptosis and proliferation of trophoblast cells. It is also
involved in the crosstalk of coagulation, inflammation, and angio-
genesis, which are the compensating mechanisms for environmental
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stress that directly affect placental function. Because accumulating

evidence suggests the possible relevance of placental-TM deficiency

in adverse pregnancy outcomes, a number of questions could be

raised throughout this review. What exactly is regulating the pla-

cental-TM expression and when does it start? The lack of placental-

TM could be either genetic or acquired, which provokes our next

question: is diminished placental-TM the cause or the consequence

of pregnancy complications? Most importantly, rTM shows promis-

ing potential as a therapeutic for pregnancy complication in animal

studies. Considering the successful results of clinical trials in other

inflammatory disease, there is no doubt that rTM is an optimal thera-
peutic target for PE, FGR, and RPL. TM could drastically change the

therapeutic approach to pregnancy complications that may signifi-

cantly improve maternal and fetal outcomes.
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