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Maladapted Endothelial Cells Flip the

Mesenchymal Switch

Daylon James™ and Shahin Rafii?*

Endothelial cells in the neointima undergo a transition to the mesenchymal phenotype,
suggesting a therapeutic target for vein graft restenosis (Cooley et al., this issue).

THE ENDOTHELIAL-TO-MESENCHYMAL
TRANSITION

One out of every three deaths in the United
States results from cardiovascular disease (1),
and risk factors such as hypertension, smok-
ing, and obesity are increasingly prevalent.
Accordingly, atherosclerosis of coronary ar-
teries is a major clinical problem. Although
minimally invasive surgical interventions,
such as percutaneous coronary angiogra-
phy, have become more common to address
arterial narrowing, coronary artery bypass
grafting remains a mainstay for the treat-
ment of severe cardiovascular disease. In
essence, bypass grafting involves the trans-
plantation of veins from peripheral sites in
the body to replace occluded or damaged ar-
teries, most often the large coronary arteries
of the heart. The most frequently used vessel
for bypass is the long saphenous vein, owing
to its accessibility and ability to bridge the
distance between coronary branches (Fig.
1). Grafts of these vessels result in improved
outcomes relative to percutaneous angiogra-
phy with drug-eluting stents. Nevertheless,
15% of vein grafts fail within 1 year, and 50%
fail within 10 years of surgery, and whereas
early failures are likely due to thrombotic
events, long-term failure of venous grafts is
most often associated with neointimal hy-
perplasia—in other words, thickening of the
blood vessel lining.

It has long been thought that neointimal
growth after grafting stems from damage
to the graft during vein harvesting and/or
recruitment of proliferative medial smooth
muscle cells to the intima. Yet, several stud-
ies have demonstrated that endothelial cells
contribute to perivascular cell types—cells
that surround the lumenal endothelial lay-
er and make up the supporting cells of the
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blood vessel—under pathological condi-
tions. This phenomenon, called endothelial-
to-mesenchymal transition (EndMT), is an
important mediator of tissue morphogen-
esis and cardiovascular remodeling during
embryogenesis.

The signaling pathways and downstream
transcriptional regulators that enable devel-
opmental EndMT have been described (2).
However, the ability of vascular endothe-
lium to undergo EndMT in postnatal tis-
sue is currently being investigated. A clear
demonstration of maladaptive EndMT and
its effectors in the context of vein graft could
provide a reservoir of molecular targets for
pharmacological treatment of restenosis
owing to neointimal hyperplasia. In this
issue of Science Translational Medicine,
Cooley et al. show that EndMT is present in
mouse and human tissue after venous graft-
ing and further suggest the transforming
growth factor-p (TGF-B)-Smad2/3-Slug
signaling axis as a viable therapeutic target
for prevention of restenosis (blood vessel
narrowing) (Fig. 1) (3).

FROM DEVELOPMENT TO DISEASE

Epithelial-to-mesenchymal transition (EMT)
is a fundamental cellular process that plays a
critical role in cellular differentiation and tis-
sue morphogenesis (2). During development,
EMT allows cells to migrate and fit together,
forming complex tissue-organ superstruc-
tures. Indeed, the primary events of embryo-
genesis (implantation and gastrulation) are
dependent on EMT, and this process is reit-
erated throughout development and during
wound healing in postnatal tissues. Although
EMT has long been known to recur outside
of embryonic development (most notably
in metastasis of cancer cells), EndMT has
been considered a distinct subtype of EMT
that is restricted to early events during heart
formation. Specifically, embryonic EndMT
occurs in endocardial cells, which subse-
quently migrate into the cardiac jelly to form
cardiac cushion mesenchyme and, ultimately,
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the cardiac valves. EndMT in the develop-
ing heart has been specifically attributed to
TGEF-pB and Notch signaling, with HES/HEY
and Snail/Slug acting as transcriptional effec-
tors of this process.

The earliest evidence for EndMT in hu-
man disease was reported during pathologi-
cal processes in the heart involving fibrosis
in the infarct zone (4). A later study impli-
cated EndMT in the pathology of fibrodys-
plasia ossificans progressiva, a rare genetic
disorder in which acute inflammation in-
duces heterotopic ossification of soft tissues
and formation of ectopic skeletal structures
(5). As a follow-up of these studies, it was
demonstrated that TGF-f signaling could
be interrupted by fibroblast growth factor
(FGF), preventing EndMT (6). The observa-
tion of EndMT has also been made in the
brain in the context of cerebral cavernous
malformation (CCM). Patients with this
genetic disease have loss-of-function mu-
tations in any one of three CCM-encoding
genes (CCM1, CCM2, or CCM3) and ex-
hibit enlarged and irregular blood vessels
that often result in cerebral hemorrhages.
Endothelial-specific deletion of CCMI in
mice resulted in EndMT and recapitulated
CCM disease phenotype via up-regulation
of TGF-P and bone morphogenetic protein
(BMP) signaling (7). Together, these studies
demonstrate that the embryonic phenom-
enon of EndMT can be reactivated under
pathological conditions and identify TGF-$
superfamily signaling as a major molecular
mediator of this process.

VASCULAR INJURY AND EndMT

The findings from Cooley et al—that
EndMT is present in vascular injury—fit well
into the ongoing hypothesis that this embry-
onic process reappears under pathological
conditions (3). In coronary bypass surgery,
veins are grafted into arteries. Although a
pragmatic solution to occlusion, arteries and
veins are different. Arteries carry blood away
from the heart and veins carry blood toward
it, and consequently, veins lack the perivas-
cular smooth muscle cells necessary to ac-
commodate pulsatile forces derived from the
heart. Furthermore, large-caliber arteries that
branch directly from the heart have thick me-
dia composed of smooth muscle and elastic
tissue, whereas the long saphenous vein has
relatively thin media. Interpositional grafting
for coronary artery bypass thus poses the risk
of maladaptive infiltration of perivascular
support cells to accommodate increased load;
this results in restenosis. Hence, mechanistic
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Fig. 1. Endothelial-to-mesen-
chymal transition (EndMT). Bio-
mechanical or biochemical injury
to the lumenal endothelial cells ig-
nites a cascade of TGF-B signaling,
instigating maladaptive EndMT tran-
sition of these vascular cells to prolif-
erative smooth muscle-like cells within

the neointima. The formation of neointimal
hyperplasia contributes to the pathogenesis
of cardiovascular disease by narrowing the di-
ameter of native or grafted arterial or venous
vessels. Therapeutic targeting of the TGF-3
signaling prevented aberrant transition of the
stressed lumenal endothelial cells into nonvas-
cular entities, sustaining their vascular cell fate
and shielding them against the emergence of
pathological neointimal hyperplasia (3).

insight into the cellular processes at play af-
ter coronary bypass may lead to pharmaco-
logical interventions that improve long-term
function of the graft.

In their study, Cooley et al. used lin-
eage tracking to identify the cellular origin
of neointimas that undermine coronary
bypass longevity. By specifically labeling
endothelial cells in donor mice and then
grafting veins to arteries of unlabeled re-
cipient mice, the authors showed that endo-
thelial derivatives made up the majority of
the neointima. They also demonstrated that
neointimal thickness was reduced in the
context of TGF-p signaling inhibition. Ac-
tivation of TGF-p signaling in endothelial
cells within the graft promoted EndMT via
signaling effectors Smad2/3 and the down-
stream transcriptional effector Slug (Fig. 1).
In this way, they not only identified endo-
thelium as the cell of origin for neointima,
they also defined a signaling mechanism
that mediates cellular transition.

This study is an important milestone in
the understanding and application of surgi-
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(3). Specifically, patients
undergoing percutaneous an-
giography often exhibit massive neointima
formation that ultimately requires coronary
bypass grafting. In these patients, mechani-
cal disruption of lumenal endothelium may
induce inflammatory processes that result
in EndMT. Hence, these “noninvasive” pro-
cedures must balance effective clearance of
atherosclerotic plaques with minimal dis-
ruption of lumenal endothelium and may
be improved by inhibiting TGF-p.

The phenomenon of EndMT also has
broad implications in the appreciation of
fibrotic processes of organs other than the
heart. Endothelial cells provide paracrine
cues, known as instructive angiocrine sig-
nals, that are essential for tissue homeosta-
sis and organ regeneration (8). Considering
the extent to which EndMT accounts for ex-
pansion of neointima, it is also possible that
this phenomenon contributes to fibrotic le-
sions downstream of organ/tissue damage
and wound healing. Indeed, EndMT may
undermine organ function not only via re-
duced vascular perfusion but also by shift-
ing of a constructive endothelial angiocrine
signaling milieu to a maladaptive paracrine
profile provided by mesenchymal cells and
their derivatives. Thus, EndMT has broader
implications for organ failure and wound
healing and may be an important thera-
peutic target for regenerative medicine ap-
proaches.

One unresolved issue in the study by
Cooley et al. (3) is that it is unclear whether
the lumenal endothelial cells that undergo
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completely erase vascular identity
is not known and will require fur-
ther investigation.

CLINICAL APPLICATIONS

Toward translation, Cooley and colleagues
examined transplanted vessels from patients
after graft failure. In the case of early graft
failure, transitional cells that expressed both
endothelial and smooth muscle markers
were present in the intimal space, whereas
grafts that failed at later stages showed neo-
intimal thickening but absence of endo-
thelial markers in the perivascular region.
Previous studies have pointed toward the
transdifferentiation of endothelial cells to
mesenchymal derivatives and identified
TGF-p signaling as an inductive influence
underlying this transition; however, no
group, to our knowledge, has examined the
role of EndMT in human pathology. The
experiments by Cooley et al. corroborated
EndMT findings in the mouse graft model
and affirmed that EndMT underlies the
neointimal thickening after human coro-
nary bypass grafts.

Furthermore, by looking at the EndMT
mechanism in vivo in mice, the authors for-
mulated a promising therapeutic strategy for
mitigating restenosis of human grafts (Fig.
1). Specific deletion of Smad3 in the graft
or immersion in TGF-P1 neutralizing an-
tibody significantly reduced the degree of
neointimal thickening after interpositional
transplant (3). On the basis of these data, it
is conceivable that administration of anti-
bodies or small-molecule inhibitors of the
TGEF-p signaling pathway may reduce or
prevent restenosis of coronary bypass grafts.
Indeed, combination of commonly used pro-
cedures—including traditional coronary by-
pass surgery with percutaneous angiography
and drug- or antibody-eluting stents—may
be a practical and effective means of increas-
ing the longevity of grafts in patients with
coronary or peripheral vascular disease.
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