
normal PAP is considered to be 14.06 3.3 mm Hg, at the 6th
World Symposium on Pulmonary Hypertension held in Nice in
2018, a change in the definition of PAH was proposed that would
decrease the lower limit of mPAP to 20 mm Hg and a pulmonary
vascular resistance. 3 WU; however, no conclusion was made
regarding whether patients with an mPAP between 20 and 25 mm
Hg should be treated (11).

The ability to obtain an early diagnosis in PAH remains
an important goal to be pursued. Sawada and colleagues have
contributed to this quest by evaluating the performance of a
large ECG-based screening program in healthy schoolchildren.
Unfortunately, the studied screening program did not resolve this
problem, and thus early diagnosis remains an important goal to
pursue in children with PAH. n
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Smooth Muscle Cells: A Novel Site of P-Selectin Expression
with Pathophysiological and Therapeutic Relevance in
Pulmonary Hypertension

Pulmonary arterial hypertension (PAH) is a debilitating disease
associated with increased pulmonary artery pressures, reduced lung
function and exercise ability, and progressive right heart failure (1).
Endothelial dysfunction, vasoconstriction, pulmonary vascular
remodeling secondary to smooth muscle cell proliferation and

hypertrophy, muscularization of precapillary arterioles, and distal
vessel loss are among the key pathophysiological processes in
PAH (2). Present pharmacologic interventions target primarily
vasoconstriction and are, as such, able to slow down, but not
reverse, disease progression. Hence, therapies that could reverse the
proliferative phenotype of pulmonary vascular cells and, thus,
improve RV function without causing adverse effects are highly
desirable (3).

P-selectin expressed on activated endothelium and platelets
promotes inflammation by serving as a ligand for PSGL-1
(P-selectin glycoprotein ligand-1) on leukocytes to mediate
leukocyte rolling and leukocyte–platelet aggregation, respectively
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(4, 5). P-selectin has been shown to be upregulated on circulating
platelets and pulmonary endothelium of patients with PAH and
corresponding rat models (6, 7). Although these findings suggest a
role for P-selectin in promoting inflammation in PAH, a direct role
for P-selectin in vascular remodeling or RV dysfunction has
remained elusive. Using pulmonary vascular tissue from patients
with PAH and the mouse model of chronic hypoxic pulmonary
hypertension (PH), the study published in this issue of the Journal
by Novoyatleva and colleagues (pp. 1407–1420) reports the
paradigm-shifting discovery (Figure 1) that P-selectin is also
expressed in pulmonary artery smooth muscle cells (PASMCs) and
upregulated in PAH (8). P-selectin in PASMCs was found to be a
direct transcriptional target of HIF-1a (hypoxia-induced factor-
1a). Remarkably, P-selectin inhibition or genetic deletion led to
reversal of pulmonary vascular remodeling and improved RV
function in PH mice, highlighting the therapeutic potential of
anti–P-selectin therapy. Consistent with this notion, the brown
algae–derived P-selectin inhibitor fucoidan improved RV function,
ameliorated inflammation, and reduced pulmonary vascular
remodeling in PH mice in vivo and proliferation/migration of
PASMCs in cell culture in vitro by suppressing NF-kB (nuclear
factor-kB), Akt–mTOR (mammalian target of rapamycin)–p70S6K
(p70 ribosomal S6 kinase), ERK (extracellular signal–regulated
kinase), and p38 signaling pathways in PASMCs. Taken together,
Novoyatleva and colleagues (8) establish an important role for
P-selectin in the pathogenesis of PAH. In addition to P-selectin’s

well-established function for immune cell–cell interaction, this
new role is dependent on P-selectin expression on PASMCs and
P-selectin–mediated signaling driving PASMCs proliferation.

The findings of Novoyatleva and colleagues open up
exciting new avenues for mechanistic speculation, experimental
interrogation, and potentially clinical application. First, what
is the physiological function of P-selectin in PASMCs?
Immunohistochemistry, Western blot analysis, and biotin pull-
down show mild expression of P-selectin in PASMCs under basal,
normoxic conditions and marked upregulation and surface
expression in response to hypoxia. Because of its abluminal
localization, this expression does apparently not serve the classic
P-selectin–mediated interaction with circulating immune cells,
and so its physiological role remains elusive. It also remains to
be shown whether signaling via P-selectin in PASMCs is mediated
by its cognate ligand PSGL-1 expressed on infiltrating leukocytes,
or whether it occurs via an endogenous ligand expressed
in PASMCs or via proteoglycans or glycoconjugates in the
extracellular matrix. Second, is P-selectin expression in smooth
muscle cells a unique feature of the pulmonary circulation, or could
it also contribute to P-selectin–mediated pathologies in the
systemic circulation? For example, P-selectin–deficient mice are
largely protected from the formation of atherosclerotic lesions (9),
a process that is intricately linked to the dysfunction of vascular
smooth muscle cells (10). Third, the mechanism by which
P-selectin expressed on PASMCs promotes signaling pathways

Hypoxia Fucoidan

NF - B ERK p38
AKT

mTOR

p70S6K

SELP
HIF-1 PASMC proliferation

and migration

Healthy pulmonary arteriole Remodeled pulmonary arteriole
in pulmonary arterial hypertension

Pulmonary artery
smooth muscle cell

P-selectin

Figure 1. P-selectin in pulmonary artery smooth muscle cells (PASMCs) contributes to the pathophysiology of pulmonary hypertension. Novoyatleva
and colleagues (8) show that hypoxia upregulates P-selectin in PASMCs in a HIF-1a (hypoxia-induced factor-1a)-dependent manner. P-selectin–
dependent activation of NF-kB (nuclear factor-kB), Akt–mTOR (mammalian target of rapamycin)–p70S6K (p70 ribosomal S6 kinase), ERK (extracellular
signal–regulated kinase), and p38 signaling pathways in PASMCs contribute to PASMC proliferation and vascular remodeling, which is reversed by the
P-selectin inhibitor fucoidan. Illustration by Jacqueline Schaffer.
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responsible for PASMC proliferation remains unanswered. Unlike
L-selectin, P-selectin has a cytoplasmic domain that regulates its
sorting into storage granules, but presumably also mediates
outside-in-signaling such as P-selectin–mediated Ca21 signaling
in endothelial cells (11); yet how such signals relate to the
stimulation of the proliferative pathways reported by Novoyatleva
and colleagues remains to be elucidated. Fourth, P-selectin
expression on the cell surface is commonly regulated by vesicular
trafficking. Endothelial cells and platelets store P-selectin in
Weibel-Palade bodies and a-granules, respectively, from where
P-selectin is rapidly mobilized to the cell surface in a Ca21-dependent
manner (12). PASMCs lack both Weibel-Palade bodies and
a-granules, raising the question of whether P-selectin is equally
stored in these cells in alternative vesicular compartments, or
whether its surface expression is solely regulated by transcriptional
activity and reinternalization. Fifth, is P-selectin blockade by, for
example, fucoidan a feasible therapeutic strategy? PAH is a chronic
disease, and therefore, reversal of PAH symptoms may require
chronic therapy with anti–P-selectin agents. By blocking selectins,
fucoidan effectively precludes selectin-mediated leukocyte-
endothelial interaction in both the pulmonary and the systemic
circulation (13). Chronic inhibition of P-selectin might hence
compromise innate and adaptive immune responses leading to
recurrent bacterial infections as seen, for example, in patients with
leukocyte adhesion deficiency syndrome type II. Last but not least,
the actual pathophysiological relevance of PASMC P-selectin in the
context of PAH remains to be shown. Notably, all interventions
tested by Novoyatleva and colleagues (fucoidan, blocking anti–
P-selectin antibodies, or the use of P-selectin–deficient mice)
will not only target PASMC P-selectin but, in parallel, block the
classic P-selectin–mediated leukocyte-platelet-endothelium
interaction. In light of the emerging relevance of both the
immune and coagulation system in PH (14), it remains to be shown
(e.g., by use of cell-specific knockout models) to what extent the
observed protection is attributable to a direct role of PASMC
P-selectin.

As so often after an important paradigm shift, we are left with
an abundance of new questions. These should in no way diminish,
but rather stress, the conceptual advancement by Novoyatleva
and colleagues (8). The authors have identified a previously
unrecognized site of P-selectin expression and a P-selectin
dependent mechanism contributing to the progression of PAH.
The findings that anti–P-selectin therapeutics such as fucoidan
could be beneficial in reducing the PAH morbidity is particularly
relevant in light of the fact that several P-selectin inhibitors are
currently in clinical trials for treatment of auto-inflammatory
diseases other than PAH (15, 16). The potential benefit of
P-selectin inhibition demonstrated here may thus warrant the
need for repurposing these inhibitors for treatment of patients
with PAH. n
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