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Rapamycin and treatment of venous malformations
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Purpose of review

The field of vascular anomalies has seen a fundamental change during the past 10 years. The identification
of somatic genetic mutations as the explanation of sporadic vascular anomalies opened the doors to study
prospectively and a posteriori the causes of various vascular malformations. This was helped by the rapidly
evolving genetic techniques including the highly sensitive next generation sequencing. In parallel,
knowledge on signaling alterations occurring in vascular endothelial cells because of the various mutations,
development of in-vitro and especially the first in-vivo models, gave the possibility to test preclinically
molecular therapies for vascular malformations.

Recent findings

One of the first molecules, rapamycin, showed clear evidence of interrupting lesion growth. As its safety
profile had been established in other conditions, it was quickly accepted for clinical trials on vascular
anomalies. Now, with a few trials published and others ongoing, it is establishing itself as a gold standard

for molecular therapy for recalcitrant lesions.

Summary

Targeted molecular therapies are becoming interesting new additions to the management of vascular
anomalies, and rapamycin is establishing itself as a gold standard for venous malformations.
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INTRODUCTION

Venous malformations are the most common vascu-
lar malformations seen in multidisciplinary centers,
with an overall incidence of one in 5000. They result
from anomalies in the development of the venous
network, which lead to the formation of thin-walled,
dilated and dysfunctional vessels. These abnormal
veins are composed of a flat endothelial lining sur-
rounded by sparse, irregularly distributed vascular
smooth muscle cells (pericytes) [1,2]. Venous malfor-
mations are usually present at birth, grow with the
child, and slowly expand with time. They can affect
any organ or tissue, but mainly occur in cutaneous,
subcutaneous and mucosal tissues.

More than 90% of venous malformations occur
sporadically and consist of a unifocal lesion. Rarely,
lesions are multifocal, affecting at least two distinct
sites. This multifocality can be seen in inherited
forms that exhibit autosomal dominant transmis-
sion, such as cutaneomucosal venous malformation
(VMCM) and glomuvenous malformation (GVM)
[2,3] or in sporadic forms, such as multifocal venous
malformation (MVM) and Blue Rubber Bleb Nevus
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syndrome (BRBN) [4"]. Malformations combining
venous with other vascular defects also exist, such
as the capillary-lymphaticovenous malformations
in the Klippel-Trenaunay syndrome (KTS), the com-
plex vascular malformations in the PTEN hamar-
toma tumor syndrome (PHTS) and the variable
lesions in the CLOVES syndrome (Congenital lipo-
matous overgrowth with vascular malformations,
epidermal naevi and scoliosis).

3Institut Roi Albert Il, Department of Medical Oncology, "Center for
Vascular Anomalies, Division of Plastic Surgery, ‘Institut Roi Albert I,
Department of Pediatric Hematology and Oncology, Cliniques universi-
taires Saint Luc, “Human Molecular Genetics, de Duve Institute and
*WELBIO (Walloon Excellence in Lifesciences and Biotechnology), de
Duve Institute, University of Louvain, Brussels, Belgium

Correspondence to Miikka Vikkula, MD, PhD, Professor of Human
Genetics, Human Molecular Genetics (GEHU), de Duve Institute
(DDUV), University of Louvain (UCLouvain), Avenue Hippocrate 74
(+5), bte B1.74.06, B-1200 Brussels, Belgium. Tel: +32 2 764 7490;
fax: +32 2 764 7460; e-mail: miikka.vikkula@uclouvain.be

Curr Opin Hematol 2019, 26:185-192

DOI:10.1097/MOH.0000000000000498

www.co-hematology.com

Copyright © 2019 Wolters Kluwer Health, Inc. All rights reserved.


mailto:miikka.vikkula@uclouvain.be

Vascular biology

KEY POINTS

e Most venous malformations harbor activating mutations

in TIE2 or PI3K.

e In preclinical murine models, inhibitors of the PI3K-
mTOR axis reduce growth of venous malformations.

e In clinical trials, rapamycin increases the quality of life
of most patients, by decreasing pain and improving
functional limitation.

e Ongoing clinical trials are identifying venous
malformation patients who benefit the most
from rapamycin.

o New targeted agents should be evaluated in clinical
trials in venous malformation patients.

Depending on their location and extension,
symptoms are highly variable. Commonly, they
cause deformation, pain, chronic anemia, bleeding,
oozing and important functional restraint, which
result in significant morbidity. Venous malforma-
tions can also threaten life because of extension into
vital structures, airway obstruction and neurovascu-
lar dysfunction. Unlike other vascular malforma-
tions, venous malformations are associated with
chronic consumptive coagulopathy (also known
as localized intravascular coagulopathy), because
of blood stagnation and repetitive cycles of throm-
bosis and thrombolysis. Approximately 50%
of venous malformation patients have elevated D-
dimers and some of them have low serum levels of
fibrinogen [5,6].

Sclerotherapy alone or in combination with
surgical resection is the gold standard procedure to
manage venous malformations. However, these pro-
cedures are rarely curative or are unfeasible in patients
with extensive and infiltrating lesions [7,8]. In this
review, we describe the reported efficacy and safety of
rapamycin, also known as sirolimus, the first targeting
agent, for venous malformation treatment.

THE ROLE OF PHOSPHOINOSITOL 3
KINASE-PROTEIN KINASE B-
MAMMALIAN TARGET OF RAPAMYCIN
PATHWAY IN VENOUS MALFORMATION

The phosphoinositol 3 kinase (PI3K)-protein kinase
B (AKT)-mammalian Target of Rapamycin (mTOR)
is an important signaling pathway implicated in
multiple cellular processes, such as protein synthe-
sis, metabolism and survival. This pathway regulates
also, through the angiopoietin/TIE2 system, matu-
ration and stability of veins. Binding of angiopoie-
tin-1 (ANGPT-1), secreted by pericytes, to the
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tyrosine kinase receptor TIE2 located on endothelial
cells stimulates recruitment of the p85 regulatory
subunit of PI3K to the membrane and activation of
the p110 catalytic subunit of PI3K, which, in turn,
phosphorylates AKT on Thr308, leading to a first,
partial, activation of AKT. A second phosphoryla-
tion on Ser473, induced by one of the two com-
plexes of mTOR (mTORC2), is required to fully
activate AKT, which is thereby able to activate
mTORCI1 and its substrates, resulting in endothelial
cell proliferation [9%]. Activated AKT regulates nega-
tively the transcription factor FOXO1, decreasing
levels of pericyte attractant Platelet Derived Growth
Factor-g (PDGF-B) and stimulating pericyte detach-
ment. As the initiation of endothelial cells sprouting
requires the detachment of pericytes, AKT activity is
inversely correlated with PDFG-f levels. Conversely,
cell confluence during tube formation induces peri-
cyte recruitment, through a decrease in AKT activity
and an increase in PDGF-B levels, to provide stabili-
zation and maturation of nascent vessels [10-12]
(Fig. 1a).

The majority of venous malformations are
because of gain-of-function somatic mutations in
the genes encoding TIE2 or PI3K. Up to 60% of them
present an activating mutation in the tyrosine
kinase endothelial (TEK) gene (chromosome 9)
encoding the TIE2 receptor, resulting in its ligand-
independent activation [4%,13-16]. More than 20
different mutations have been described occurring
alone or as double mutations and can cause all four
subtypes of venous malformations: VMCM, venous
malformation, MVM and BRBN, with the L914F
mutation representing 60% of TIE2-mutated spo-
radic venous malformations [13-16]. Mutations in
PIK3CA, the gene encoding the p110a catalytic sub-
unit of PI3K, cause 20% of venous malformations
[17%]. More than 90% of PIK3CA-mutated venous
malformations have mutations causing amino acid
changes ES542K, E545K or H1047R, which are
also frequently found in cancer and other
PIK3CA-associated malformation/overgrowth syn-
dromes [17%,18,19"%]. These TIE2 and PIK3CA muta-
tions result in an excessive and uncontrolled
activation of AKT, even in confluent cells. The
AKT-mediated inhibition of FOXO1 leads to inap-
propriately low PDGEF-B levels, likely involved in
defective and sparse pericyte coverage (Fig. 1b) [20].

Gene-specific effects can be observed clinically.
PIK3CA-mutated venous malformations are deeper
and not extending into the skin, in contrast to
common TIE2-mutated venous malformations
[177]. Furthermore, downstream signaling activa-
tion can be different. Both TIE2 and PIK3CA muta-
tions activate AKT in vitro, but only TIE2 mutations
cause phosphorylation of ERK1/2 and STAT [17%,21].
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FIGURE 1. (a) The role of the phosphoinositol 3 kinase—protein kinase B—mammalian Target of Rapamycin (mTOR) pathway
in venous homeostasis. Binding of angiopoietin-1 (ANGPT-1) secreted by pericytes to the tyrosine kinase receptor TIE2 located
on endothelial cells stimulates the recruitment of the p85 regulatory subunit of PI3K to the membrane and the activation of the
p110 catalytic subunit of PI3K. PI3K phosphorylates AKT on Thr308, leading to a first, partial, activation of AKT. mTORC2
induces a second phosphorylation on Ser473 to fully activate AKT, which is thereby able to activate mTORC1 and its
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Murine models mimicking the human venous
malformations have been developed and allowed to
explore potential targeting agents. The first mouse
model of venous malformation was generated
through subcutaneous injection of L914F TIE2-
mutated endothelial cells in mice, which resulted
in development of vascular lesions closely resem-
bling human venous malformations. Blood vessels
were ectatic and surrounded by a thin, scarce, non-
continuous layer of pericytes. Treatment with rapa-
mycin reduced proliferation of endothelial cells and
the growth of venous malformations. Blood vessels
appeared smaller, less ectatic and showed an
increased number of pericyte coverage [22"]. This
vessel ‘normalization’ was induced by a strong inhi-
bition of p-AKT473 through rapamycin-mediated
mTORC2 disruption. Indeed, even if rapamycin is
an allosteric inhibitor of mTOR that predominantly
inhibits mTORC1, a prolonged treatment with rapa-
mycin has been shown to disrupt the mTORC2
complex, which is known to directly phosphorylate
Ser473 residue of AKT [23]. A TIE2 inhibitor was
unable to inhibit lesion growth.

Another two venous malformation mouse mod-
els were generated by a local expression of PIK3-
CAMO*R " activating mutation in  murine
endothelial cells. Two weeks of rapamycin treatment
resulted in a 25% reduction in the volume of venous
malformations in one of them [19"]. In the other
one, treatment with everolimus, a rapamycin deriva-
tive, blocked the progression of lesions, reduced ves-
sel anomalies and re-established a normally
vascularized tissue [24%]. Finally, PIK3CAM!047K.
expressing cells were also injected into mice and they
formed highly vascularized and proliferative masses,
with a histology and appearance resembling that of
venous malformations. Everolimus resulted in a
decreased venous malformation size and prolifera-
tion, but the PI3K inhibitor alpelisib (BYL719)
induced a greater response as measured by a more

important decrease in venous malformation volume
and increase of apoptosis [25] (Fig. 1¢). This was also
underscored in earlier in-vitro studies [17"]. These
findings show that a TIE2 or a PIK3CA mutation in
vascular endothelial cell is sufficient for venous mal-
formation formation and that inhibition of the
PI3K-AKT-mTOR pathway can decrease venous
malformation lesions in in-vivo models.

CLINICAL EFFICACY OF RAPAMYCIN IN
PATIENTS WITH VENOUS
MALFORMATION

Pilot trial

A pilot phase 2A trial evaluated clinical efficacy and
safety of rapamycin in six adult patients (mean
32 years, range 14-64) with highly symptomatic
venous malformations (pain, bleeding, oozing,
infection and functional limitation) refractory to
standard treatments. All patients had elevated D-
dimers and a poor quality of life (QoL). They
received rapamycin 2mg daily continuously and
the dose was adjusted in order to reach a serum
target concentration between 10 and 15Sng/ml.
On rapamycin, QoL increased rapidly in all patients,
with a self-assessment of this improvement ranging
from 30 to 90% at 3 months and from 30 to 100% at
12 months. Pain, bleeding and oozing were rapidly
controlled (within the first month) in all patients.
The Visual Analogue Scale (VAS) score decreased
from a baseline median value of 8 to a 3-month
median value of 2, and a 12-month median value of
3. Correlated to these symptomatic changes,
chronic consumptive coagulopathy also improved
rapidly, with a decrease in median D-dimer values:
6700 in baseline and 1900 at 3 months and 1000 at
12 months. MRI at 12 months showed an approxi-
mately 20% reduction in the five evaluable patients.
Even if benefits were maintained after a follow-up

substrates, resulting in cell survival and proliferation. Activated AKT also negatively regulates the transcription factor FOXOT,
decreasing levels of pericyte attractant platelet derived growth factor-B (PDGF-B) and stimulating pericyte detachment. (b)
Molecular anomalies leading to venous malformations. Sixty percent of venous malformations present an activating mutation in
the TEK gene encoding the TIE2 receptor, resulting in a sustained and ligand-independent activation of TIE2. The L914F
mutation represents the maijority of TIE2-mutated lesions in sporadic venous malformations. Mutations in PIK3CA, the gene
encoding the p110a catalytic subunit of PI3K cause another 20% of venous malformations. These TIE2 and PIK3CA mutations
result in an excessive and uncontrolled activation of AKT, even in confluent cells. The AKT-mediated inhibition of FOXO1 leads
to inappropriately low PDGF-B levels, and defective and sparse pericyte coverage. (c) Promising targeted therapies for venous
malformations. Rapamycin (as well as everolimus) is an allosteric inhibitor of mTOR. It inhibits mMTORC1 and disrupts the
mTORC2 resulting in decreased activation of AKT, resulting in increased levels of PDGF-B and stimulation of pericyte
coverage. This leads to vessel ‘normalization.” Alpelisib is a PI3K inhibitor that could result in a stronger effect than
rapamycin. Other alternative pathways, such as the MAPK pathway, could appear as a ‘survival pathway’ responsible for
resistance to PI3K—AKT-mTOR inhibition. Drugs targeting this pathway should also be evaluated in preclinical and clinical
trials. PI3K, phosphoinositol 3 kinase; AKT, protein kinase B; mTOR, mammalian Target of Rapamycin.
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reaching 5 years, no lesion disappearance was
observed [22""].

Phase 2B trial

The phase 2B prospective trial enrolled 19 patients
(adult and children) with extensive slow-flow vascular
malformations (lymphatic, venous and complex mal-
formations) [26™]. Ten patients had a venous malfor-
mation-type lesion (six venous malformations, one
CVM, two KTS and one PHTS) with a median age of
19 years (ranging from 9 to 64). They all had a poor
QoL with functional limitation (n=9), severe pain
(n=38), severe physical deformation (1= 7), bleeding
(n=3), oozing (n=2) and/or infections (n=2). D-
dimer levels were elevated in all 10 patients.

They received rapamycin 2mg/daily continu-
ously (or 0.8 mg/m? twice daily for children) with
a serum target concentration between 10 and 15 ng/
ml. Follow-up reached 48 months for some patients.
All 10 patients experienced improvement in mobil-
ity or organ function, reduction of pain, bleeding or
oozing, or reduction or cessation of infections,
resulting in a 100% general improvement rate. Both
the baseline continuous pain intensity and the fre-
quency of painful crises decreased rapidly; the
median VAS score for baseline continuous pain
decreased from 7 to 2 at 3 and 12 months. The
QoL of all patients increased within the first 3
months, with a 20-50% increase in 40% and a more
than 50% increase in 60% of patients. This improve-
ment continued at 6 and 12 months follow-up. D-
dimer levels decreased in all patients, with a mean
reduction of 58% (ranging from 25 to 86%) at
3 months and it persisted at 12 months. In some
patients, D-dimer levels showed a temporary fluctu-
ation that was correlated with resurgence of symp-
toms. When analyzing the 12-month MRI with the
ITK-SNAP3-0 software, a size reduction was observed
in five patients (mean reduction of 14%, ranging
from 0.5 to 34.5%). For one patient, surgery became
feasible after 1 year of treatment because of signifi-
cant reduction in size of the venous malformation,
allowing rapamycin arrest [26""].

Phase 3 trial

A prospective multicentric phase 3 trial (VASE) is
currently evaluating rapamycin in patients (adult
and children) with complex slow-flow vascular mal-
formations, including venous malformations that
are refractory to standard treatment (EudraCT Num-
ber: 2015-001703-32). This study plans to enroll 250
patients. Rapamycin is administered for a 2-year
duration, followed by cessation but may be reintro-
duced in case of symptom resurgence.

1065-6251 Copyright © 2019 Wolters Kluwer Health, Inc. All rights reserved.

Preliminary results on the first 43 patients who
reached at least 6 months of follow-up, were pre-
sented in May 2018 at the ISSVA Workshop (Amster-
dam) and included 36 patients with a venous
malformation-type lesion (29 venous malforma-
tions, 5 CVMs, 1 CMDV and 1 BRBN). Patients
had poor QoL. The majority (98%) had strong pain
and/or functional limitation (88%), and 19% had
bleeding. Reduction in pain and/or in limitation
(mobility or organ function) was observed in all
but four (two venous malformations and two CVMs)
patients with a venous malformation-type lesion,
resulting in a general improvement rate of 89%
(Fig. 2). Rapamycin effects were often observed rap-
idly and at 1 month, 22 and 38% of the 36 patients
presented a 25-75% and a at least 75% decrease in
pain intensity, respectively. At 6 months, 31 and
52% presented a 25-75% and at least 75% decrease
in pain intensity, respectively. No conclusion could
yet be drawn in regard to the specific sensitivity of
the different venous malformation subtypes.

SAFETY PROFILE OF RAPAMYCIN

In all the studies that have evaluated rapamycin in
slow-flow vascular malformations, rapamycin has
been well tolerated with moderate and manageable
adverse events from adults to infants, even neo-
nates. Most common grade 1-2 adverse events
(CTCAE version 3.0) reported in the phase 2B trial
by Hammer and coworkers (n=19) were headache
(58%), tatigue (48%), cutaneous rash (37%), muco-
sitis (37%), gastrointestinal troubles (nausea/diar-
rhea) (37%) and flu-like syndrome (32%). Grade 3
adverse events were less frequent and included
mainly mucositis (11%). There was no infection
or hematological anomalies. One patient developed
a basal cell carcinoma, but the causality was difficult
to establish, as this patient had previous history of
skin cancer. This toxicity pattern was consistent
with other reports on rapamycin therapy for slow-
flow vascular malformations, and with the prelimi-
nary data from the VASE trial [27-31].

Some rare occurrences of cancer during rapamy-
cin treatment have been observed. Among our
patients, one 11-year-old girl with a large lymphatic
malformation extending from the supra-hyoidal
region to the clavicular area, necessitating insertion
of a tracheostomy, developed a non-Epstein-Barr
virus (EBV)-related B-cell non-Hodgkin lymphoma
after 34 months of rapamycin treatment. She had
also a history of congenital cytomegalovirus (CMV)
infection with ischemic lesions in the right posterior
sylvian region as sequelae. No CMV reactivation was
noted throughout rapamycin treatment [26].
Another 4-year-old girl with an unusual primary
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FIGURE 2. Decrease in size of left jugal venous malformation in a 29-year-old woman after 6 months of treatment with

rapamycin. Bottom, MRI images.

upper extremity lymphedema with severe pleural
effusions developed a lymphangiosarcoma at
3 months of rapamycin treatment [32]. In either
case, a causal relationship with rapamycin could not
be established, as only EBV lymphoma is associated
with immunosuppression, and the second patient
had important tissular chromosomal aneuploidy
and only 3 months of rapamycin treatment.

In the trial that evaluated rapamycin in lym-
phatic malformations in children and young adults
(n=60; median age 8 years, ranging from 21 days to

190 www.co-hematology.com

28 years), a grade 3 bone marrow toxicity was
observed in 27% of patients [27]. We have several
children treated with rapamycin for venous malfor-
mations without such toxicity. The reason for this
discrepancy is unclear, but could be related to vas-
cular disease characteristics.

Patients should be well educated on potential
adverse events, and because of the antiangiogenic
and immunosuppressive properties, a close follow-
up of patients treated with rapamycin is mandatory.
At initiation, a blood control (including hemogram,
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and liver, thyroid and renal function) should be
performed at 1, 3 and 6 months, followed by a
control every 6 months. An annual dermatological
examination also needs to be done. To reduce the
frequency of side-effects, the use of the minimal
effective dose should be favored. In young children,
antibiotic prophylaxis is helpful to avoid bacterial
superinfections on common viral infections, hence
avoiding treatment interruptions. Antibiotic pro-
phylaxis is also important in children to avoid
infections. The decision to initiate rapamycin
should be based on individual patient characteristics
and risk factors, and rapamycin should not be con-
sidered as first-line therapy for small or asymptom-
atic venous malformations that respond to
standard therapies.

A NEW ERA... AND MULTIPLE
DIRECTIONS

Rapamycin is the first targeted therapy that improves
considerably the QoL of these patients. Rapamycin
does not cure them, as no disappearance of lesions
has been observed. However, by decreasing venous
malformation volume, rapamycin renders lesions in
some cases amenable to interventional procedures,
initially considered unfeasible. Rapamycin could,
thus, also play a role as a pretreatment before radical
interventional procedures of large complicated
lesions. A treatment period of at least 6-12 months
should be envisioned, as the maximum of response
often seems to be reached only after 6 months
of treatment.

In the reported trials, rapamycin is administered
in venous malformation patients who are refractory
to standard treatments. However, as the main effect
seems to be a halt in lesion development, it might be
the best to start rapamycin therapy as early as possi-
ble, in order to prevent tissue infiltration by anarchic
endothelial cells. This idea is supported by preclinical
findings in mice in which rapamycin was efficient in
preventing growth of new lesions but less potent in
diminishing them once established [22*%]. Future
clinical trials should thus evaluate efficacy of rapa-
mycin on nascent malformations free of scarring, as it
remains unknown whether sclerotherapy could
affect rapamycin efficacy. This draws focus on treat-
ment of children.

The action of rapamycin is rapid, particularly on
pain, bleeding and oozing, as it appears within the
first month and reaches maximal effect between 3
and 6 months, urging to consider it in life-threaten-
ing situations. It also suggests that if a patient does
not show any signs of improvement within 3-6
months, rapamycin should be stopped, particularly
if there is no decrease in D-dimer levels.

1065-6251 Copyright © 2019 Wolters Kluwer Health, Inc. All rights reserved.

Some of our patients presented resurgence of
bleeding and pain few days after rapamycin inter-
ruption; whereas rapamycin reintroduction resulted
in a new symptom reduction within the next 3 days
[26™]. These events can occur even after several
months from rapamycin initiation, suggesting that
a minimal time is required to reach a significant
efficacy. The optimal duration remains unknown
but could be personalized, depending on venous
malformation symptomatology, extension and the
genomic profile. The VASE trial, by planning to treat
patients for a limited 2-year duration, should allow
to identify, which patient category will mostly ben-
efit from rapamycin. Some patients have a high and
rapid sensitivity to rapamycin whereas others do not
respond even after a long exposure.

As rapamycin is unable to lead to a complete
recovery of venous malformations, there is a need to
develop new targeting agents and novel therapeutic
strategies focusing on the TIE2-PI3K axis. Rapamy-
cin has been shown to induce in vitro and in vivo an
increased Erk1/2 phosphorylation through the
mitogen-activated protein kinase (MAPK) cascade,
which could potentiate some of the cellular abnor-
malities. Rapamycin can also induce negative feed-
back regulation leading to increased activation of
PI3K or AKT, limiting its efficacy in cancer cells and
maybe also in vascular anomalies. Combination
with MAPK inhibitors, such as trametinib could thus
increase the efficacy of mTOR inhibitors, with the
caveat of also increasing toxicity [33,34]. Similarly,
PI3K inhibitors, such as alpelisib could provide an
advantage over rapamycin by avoiding the immu-
nosuppressive effects of rapamycin while also tar-
geting the signaling cascade upstream of mTOR,
thereby mitigating hyperactivation of the PI3K-
AKT pathway downstream of TIE2, as shown in vitro
and in vivo [17%,25]. Such efficacy was already dem-
onstrated in PIK3CA-related overgrowth spectrum
patients who have a somatic PIK3CA mutation with
soft tissue hypertrophy [35"]. Topical agents are
also of interest, as they could abolish the need for
systemic treatments that have wider toxicity.

In conclusion, rapamycin is a well tolerated
agent that offers possibility to control venous mal-
formation evolution. Over the years, its safety pro-
file has also been well established, increasing the
interest to use it, even in children. Clinical trials are
needed to evaluate and compare the efficacy and
safety of rapamycin to other targeting agents and
strategies, in order to improve our capacity to man-
age venous malformations.

Acknowledgements

We thank all the patients involved in the clinical trials
using rapamycin.

www.co-hematology.com 191

Copyright © 2019 Wolters Kluwer Health, Inc. All rights reserved.



Vascular biology

Financial support and sponsorship

These studies were partially supported by the Fonds de
la Recherche Scientifiqgue — FNRS, BELGIUM PdR
T.0026.14 (to M.V.) and PdR: T.0146.16 (to L.B.),
and WELBIO-CR-2015A (to M.V.).

Conflicts of interest

Pfizer (Belgium) provides sirolimus (rapamycin) for the
clinical studies run by the authors.

REFERENCES AND RECOMMENDED
READING

Papers of particular interest, published within the annual period of review, have
been highlighted as:

m  of special interest

mm  of outstanding interest

1. Uebelhoer M, Boon LM, Vikkula M. Vascular anomalies: from genetics toward
models for therapeutic trials. Cold Spring Harb Perspect Med 2012; 2; pii:
a009688.

2. Brouillard P, Vikkula M. Genetic causes of vascular malformations. Hum Mol
Genet 2007; 16:140-149.

3. Limaye N, Boon LM, Vikkula M. From germline towards somatic mutations in
the pathophysiology of vascular anomalies. Hum Mol Genet 2009;
18:R65-R74.

4. Soblet J, Kangas J, Natynki M, et al. Blue Rubber Bleb Nevus (BRBN)

m syndrome is caused by somatic TEK (TIE2) mutations. J Invest Dermatol
2017; 137:207-216.

This article describes for the first time the genetic basis of BRBN and MVM.

5. Hermans C, Dessomme B, Lambert C, et al. Venous malformations and
coagulopathy. Ann Chir Plast Esthet 2006; 51:388-393.

6. Dompmartin A, Acher A, Thibon P, et al. Association of localized intravascular
coagulopathy with venous malformations. Arch Dermatol 2008;
144:873-877.

7. Burrows PE, Mason KP. Percutaneous treatment of low flow vascular mal-
formations. J Vasc Interv Radiol 2004; 15:431-445.

8. Boon LM, Vanwijck R. Medical and surgical treatment of venous malforma-
tions. Ann Chir Plast Esthet 2006; 51:403-411.

9. Boutouja F, Stiehm CM, Platta HW. mTOR: a cellular regulator interface in

m health and disease. Cells 2019; 8:E18.

A complete review of the PIBK-AKT-mTOR pathway and its implication in clinics.

10. Kim |, Kim HG, So JN, et al. Angiopoietin-1 regulates endothelial cell survival
through the phosphatidylinositol 3'-kinase/Akt signal transduction pathway.
Circ Res 2000; 86:24-29.

11. Hu HT, Huang YH, Chang YA, et al. Tie2-R849W mutant in venous mal-
formations chronically activates a functional STAT1 to modulate gene ex-
pression. J Invest Dermatol 2008; 128:2325-2333.

12. Daly C, Wong V, Burova E, et al. Angiopoietin-1 modulates endothelial cell
function and gene expression via the transcription factor FKHR (FOXO1).
Genes Dev 2004; 18:1060-1071.

13. Vikkula M, Boon LM, Carraway KL, et al. Vascular dysmorphogenesis caused
by an activating mutation in the receptor tyrosine kinase TIE2. Cell 1996;
87:1181-1190.

14. Limaye N, Wouters V, Uebelhoer M, et al. Somatic mutations in angiopoietin
receptor gene TEK cause solitary and multiple sporadic venous malforma-
tions. Nat Genet 2009; 41:118-124.

192 www.co-hematology.com

15. Soblet J, Limaye N, Uebelhoer M, et al. Variable somatic TIE2 mutations in half
of sporadic venous malformations. Mol Syndromol 2013; 4:179-183.

16. Wouters V, Limaye N, Uebelhoer M, et al. Hereditary cutaneomucosal venous
malformations are caused by TIE2 mutations with widely variable hyper-
phosphorylating effects. Eur J Hum Genet 2010; 18:414-420.

17. Limaye N, Kangas J, Mendola A, et al. Somatic activating PIK3CA mutations

m  cause venous malformation. Am J Hum Genet 2015; 97:914-921.

The first article describing somatic PIKBCA mutations in venous malformations.

18. Karakas B, Bachman KE, Park BH. Mutation of the PIK3CA oncogene in
human cancers. Br J Cancer 2006; 94:455-459.

19. Castillo SD, Tzouanacou E, Zaw-Thin M, et al. Somatic activating mutations in

mm Pik3ca cause sporadic venous malformations in mice and humans. Sci Transl|
Med 2016; 8:332ra43.

The first murine model of PIKBCA-mediated formation of venous malformations.

20. Uebelhoer M, Natynki M, Kangas J, et al. Venous malformation causative TIE2
mutations mediate an AKT dependent decrease in PDGF-B. Hum Mol Genet
2013; 22:3438-3448.

21. Natynki M, Kangas J, Miinalainen |, et al. Common and specific effects of TIE2
mutations causing venous malformations. Hum Mol Genet 2015;
24:6374-6389.

22. Boscolo E, Limaye N, Huang L, et al. Rapamycin improves TIE2-mutated

mm  venous malformation in murine model and human subjects. J Clin Invest 2015;
125:3491-3504.

The first murine model of venous malformation, and first treatment of venous

malformations with rapamycin.

23. Sarbassov D, Ali SM, Sengupta S, Sheen JH, et al. Prolonged rapamycin
treatment inhibits mTORC2 assembly and Akt/PKB. Mol Cell 2006;
22:159-168.

24, diBlasio L, Puliafito A, Gagliardi PA, et al. PIBK/mTOR inhibition promotes the

m  regression of experimental vascular malformations driven by PIK3CA-activat-
ing mutations. Cell Death Dis 2018; 9:45.

One of the murine models of PIKBCA-mediated formation of venous malformation.

25. Castel P, Carmona FJ, Grego-Bessa J, et al. Somatic PIKBCA mutations as a
driver of sporadic venous malformations. Sci Transl Med 2016; 8:332ra42.

26. Hammer J, Seront E, Duez S, et al. Sirolimus is efficacious in treatment for

mm extensive and/or complex slow-flow vascular malformations: a monocentric
prospective phase Il study. Orphanet J Rare Dis 2018; 13:191.

The largest trial so far evaluating rapamycin efficacy and safety in patients with

venous malformation, with impressive efficacy rate.

27. Adams DM, Trenor CC, Hammill AM, et al. Efficacy and safety of sirolimus in
the treatment of complicated vascular anomalies. Pediatrics 2016;
137:€20153257.

28. Lackner H, Karastaneva A, Schwinger W, et al. Sirolimus for the treatment of
children with various complicated vascular anomalies. Eur J Pediatr 2015;
174:1579-1584.

29. Hammill AM, Wentzel M, Gupta A, et al. Sirolimus for the treatment of
complicated vascular anomalies in children. Pediatr Blood Cancer 2011;
57:1018-1024.

30. Triana P, Dore M, Cerezo V, et al. Sirolimus in the treatment of vascular
anomalies. Eur J Pediatr Surg 2016; 27:86-90.

31. Nadal M, Giraudeau B, Tavernier E, et al. Efficacy and safety of mammalian
target of rapamycin inhibitors in vascular anomalies: a systematic review. Acta
Derm Venereol 2016; 96:448—-452.

32. Janssens P, Dekeuleneer V, Van Damme A, et al. Angiosarcoma arising from
congenital primary lymphedema. Pediatr Dermatol 2018; 35:e382-e388.

33. Fruman DA, Chiu H, Hopkins BD, et al. The PI3K pathway in human disease.
Cell 2017; 170:605-635.

34. Tran KA, Cheng MY, Mitra A, et al. MEK inhibitors and their potential in the
treatment of advanced melanoma: the advantages of combination therapy.
Drug Des Devel Ther 2016; 10:43-52.

35. Venot Q, Blanc T, Rabia SH, et al. Targeted therapy in patients with PIK3CA-

um related overgrowth syndrome. Nature 2018; 558:540-546.

The first report on treatment of PROS patients with a PI3K inhibitor alpelisib with

very encouraging results.

Volume 26 e Number 3 ¢ May 2019

Copyright © 2019 Wolters Kluwer Health, Inc. All rights reserved.



